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There is general acceptance of the fact that the tricarboxylic 
acid c,ycle, first formulated by Krebs and Johnson (1) in 1931, is one 
of the major pathways for the oxidation of carbohydr~te in living 
tissues. A considerable body of information has now accWIlulated on 
t.he various enzymes involved in the cycle, and progre ss has been made 
in the isolation and purification of these enzymes. Condensing en~e 
(2) and fumarase (3) have now been crystallized. A1tboug~ the other 
enz,ymes of the oyc1e have not been crystallized, a large number of 
studies have been done on each of them, with one possible exception. 
In the case of isocitric dehydrogenase, many stadies have been done 
on the TPm-linked1 en~e from a number of tissues; but relatively 
little is known concerning the DPm-linked isocitric de~drogenase. 
The latter enzyme has been neglected although it was first found in 
yeast by Kornberg and Pricer (4) in 1951 and later in animal tissues 
in 1954 by Plaut and Sung (5) • 
. 7The abbre.viations of nuc1eotides,used are. those approved by the 
~ourna1 .2! B,io10gical Chemist::y.. In additIon, I.E.AE snd ()f-cellu1ose 
are diethy1aminoettw1~ and carboxymettwl-cellu10se •. ADPR is .adeno-
sine diphosphate ribose: An example of the abbreviitions used for 
pyridine nucleotide anal~gues is acetylpyridine-DPN , the 3-acety1-
pyridine analogue of DPN. Tris is tris(hydrox.ymethyl)aminomethane. 
EDTA is ettwlenediaminetetraacetate. 
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The present Thesis will present experimental data on the 
purification and properties of the DPN-linked isocitric dehydro-
genase of beef heart mitochondria. It seems apparent that up to 
the present, this enz,yme has been overlooked because other workers 
have assumed that the well-studied and abundantly available TPN-linked 
isocitric deqydrogenase is the en~me involved in the tricarbox.ylic 
acid cycle. It is worthwhile to review relevant aspects of iso-
citrate metabolism in order that the present studies may be viewed 
in the proper perspective. 
I • I SOCITRATE OX! DATION 
Historical Note. Detailed studies on the metabolic fate of 
..................................... -
isocitrate in biological tissues may be said to have been stimu-
lated by the work of Martius and Knoop, when these authors in 
1937 investigated the conversion of citric acid to succinate (6,7)0 
They suggested a pathway whereby citrate was converted to aconitate, 
isocitrate, and oxalosuccinate before decarboxylation to yield 
a-ketoglutarate. Martius (8) sUbsequently isolated isocitrate 
from animal tissues and postulated that after isocitrate was 
oxidized to oxalosuccinate, the latter would decarboxylate sponta~ 
neously to yield a-ketoglutarate and 0020 At about this time, 
Krebs and Johnson (1) showed the formation of citrate from oxal-
acetate and pyruvate and put forth the concept of a "citric acid 
cycle" as a metabolic route for the terminal oxidatiCll of cerboqy-
drates. It was Adler et al. (9) in 1939 who published the first 
--
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detailed study £If an enz,yme catalyzing the oxidaticn £If isccitrate 
and shewd that this enzyme was separate from. the system catalyzing 
the conversicn £If citrate te isecitrate. These wcrkers isclated 
an isocitrate dehydregenase frem varieas animal ergans and showed 
that it was dependent on TPN+ and a metal icn, preferably MD··., 
The enz,yme described b,y Adler et ala (9) remained fcr many years 
--
the only reccgnized isecitric dehydregenase in animal tissnes. 
PiQ heart acetone powders served as a geed seurce £If thi s enqae, 
but it was present alse in high amcunts in liver, kidney, and 
adrenal gland (9). Many studies have now been dene on this enzyme, 
and seme £If its features sheald be pcinted cut. 
!!!-Linked Isoqitl'ic DebYdrcgenase. The reaction catalyzed 
by the enz,yme can be written as fellcws: 
~H 





++ Jl.[n ) 
a-ketegl u.tarate 
2The correct stractural fermala fer the natarally cccurring 
isecitrate £If mest living tissues was enly recently established b,y 
Kaneke !i!l. (10,11) who employed degradative and synthetic ergan-
ic chemical techniques. The strl1ctQre was cenfirmed b,y Patterson 
!l al. (12) by X-ray crystallegrapi\Y. The nemenclatl1re used above 
is that suggested by Vickery (13). 
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As written, the reaction is a concerted oxidative decarboxylation 
of isocltrate. The original suggestion that oxalosuccinate, 
HOOCCOCa(COOH)CH2COOH, was an intermediate was apparently supported 
st one time b,y the finding that animal tissues contained enz,yme(s) 
which !!lollid reduce oXslosuccinate to isocitrate ("oxalosuccinic 
reductasefl) or decarboxylate oxalosuccinate to a-ketoglutarate 
(ltoxalosQ,ccinic decarboxylase II) (14,15). It was not clear for 
some time whether these en~mic activities belonged to TPN-linked 
isocitric dehydrogenase or to other enz,ymes. M~le and Dixon 
(16,11) ;,showed that extensive purification of TPN-llnked isocitric 
dehydrogenase of pig heart did not separate the enz,ymic activities 
capable of acting on oxalosuccinate. Purification of the eni,yme 
b,y Siebert et al. (16) until it was virtually homogeneous in 
--
the ultracentrifuge yielded an enz,yae preparation with isocitriC 
dehydrogenase, oxalosuccinic decarboxylase, and oxalosuccinic 
reductase activities. Furthermore, these activities were present 
in about the same proportions throughout the purification. Thus, 
all of these activities were exhibited b,y a single protein. Attempts 
to isolate oxa1osuccinate as a free intermediate were fruitless and 
it was apparent from experiments using isotope-labeled compounds 
that oxa10succinate could occur as an en~e-bound intermediate, 
but definite~ was not an obligatory free intermediate (19). 
Pqysica1 studies of the pig heart en~me revealed that it had 
a molecular weight of 61,000 and a turnover number of 3,500 moles 
of TPNH formed per mole per minute (18). Sufficient enz,yme was 
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obtained to permit study both by ultracentrifugation and by e1ect.f'o-
pharesi!. However, the enzyme was relatively unstable in solutions 
of low ionic strength and apparently became denatured on e1ectrQ-
phoresis (18). Stability could be achieved b,y suspension in 
concentrated ammonium sulfate solutions (0.2 to 0.4 satt.l1"ated) (20). 
The intracellular location of this enzyme in heart was studied 
~ Plaut and Plaut (21) who found only 5% of the total activity 
of the cell present in the mitochondrial fraction, the bulk of 
the remaining activity being in the solUble fraction. Hogeboom and 
Schneider (22), in experiments with mouse liver, found the mitochon-
drial fraction to contain 12% of the total activity, while the 
supernatant 1'ractions had 82%. These authors conSidered it 
possible that the activity in the mitochondrial fraction could 
have been due to adsorption; ioe., that the mitochondrial activity 
was an artefact. Ernster and Navazio (23) used an indirect ass~ 
for the en~e in rat liver and decided that the ratio of mitochon-
drial to c,ytop1asmic activities was 1:9. However, these authors 
(24) felt that part of the TPM-1inked isocitric dehydrogenase was 
actually intramitochondria1 rather than adsorbed, because the TPI-
dependent isocitrate oxidase activity of mitochondria became 
maximal only after an ageing procedure Which presumably made the 
mitochondrial membrane more permeable to isocitrate. Shepherd and 
Kalnitsky (25) found that TPN-1inked isocitric de~drogenase of 
rabbit liver was localized in the supernatant fraction, but in 
cerebral cortex, the mitochondrial fraction contained about 50% of 
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the total activity. Shepherd (26) considers all the TPN-linked 
isocitric dehydrogenase of cerebral cortex to be mitochondrial 
and says that the en~e which appears in the solUble fraction has 
probably "leaked out" of the mitochondria. Howver, Schneider (27) 
feels that the reverse situation is more probable; viz., that 
-
adsorption of snpernatant en~e onto mitochondria has occnrred. 
In most tissues, however, there does seem to be general agreement 
that the TPN-linked isocitric de~drogenase is extramitochondrial 
(21). 
Ef!-Linked Isocitric DehYdrogenase. The first demonstration 
of a DPN-linked isocitric de~drogenase came in 1951 when Kornberg 
and Pricer (4) foand Sl1ch an enzyme in baker~s and ale yeast. They 
showed th.at this enqme 00 I1ld be separated from the TPN-llnked 
isocitric deh¥drogenase also present in autolysates. The DPN-
linked enzurme pre cipitated at lower concentrations of ammonium 
sulfate than did the TPN-specific enzyme. It was easier to 
isolate the TPN-linked enzyme free from the DPN-en~, however, 
since the latter was less stable. The DPN-linked enzyme apparently 
catalyzed the same over-all oxidative decarboxylation reaction as 
.. did the TPN-linked enzyme except with a different coenzyme. Mn 
was found to be more effective than Mg+· as an activator. Kornberg 
and Pricer foand that the DPN-linked enzyme would neither red ace 
nor decarb~late oxalosuccinate and weald not catalyze the 
redactive carboxylation of a-ketoglutarate to yield isocitrate. 
A fnrther observation was that DPN-linked isocitric dehydrogenase 
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seemed to be totally inactivated by charcoal treat.ent, suggesting 
that a specific cofactor waS required. This was fOlltld to be 
, I .;.A)!p. .A spe c ifi c 5' -AMP de Bminase co uld re pla ce chArcoal for 
the inactivation. These BathOl'S fou.nd that thB cofactor was 
tightly bOUl'ld to t1'le enzyme even after purification by repeated 
ammonium sulf~te fractionations and caleia phosphate gel adsorption 
and elutim ~ In experiments with thB charcoal-treated en2jyme, the 
aathors noted that half-DBxim.a1 reactivation 00111d be achieved 
-6 r r with 9 x to }It ;JI_AMP. ADP seemed able to replace the ;JI_AMP 
requirelll8nt to some extent. The possibility that "-AMP m.ight be 
a contaminant of .ADP seemed to be ru.1ed out by prior incUbation of 
the .ADP solution with adenylic deaminase, and "-AMP could not 
satisf,y the nucleotide requirement. No mention was made however, 
of the possibility that adenylic deaminase might be inhibited 
by ADP. Other compoWlds which failed to activate the yeast DPII-
specific isocitric de~drogenase were adenosine, ATP, 21_AMP, and 
)I_AMP. Because of the above features of yeast DPI-1lnked iso-
citric deqydrogenase, the reaction Which is catalyzed may be 
written as follows: 
+ &~ + 
threo-Ds-isocitrate + DPN 51-AlP) a-ketoglutarate + 002 • DPNH • H 
The occurrence of DPN-linked isocitric deqydrogenase in animal 
tissues was reported by Plaut and Sang (S) in 1954. The enzyme was 
looked for in cardiac mitochondria because prior studies on the 
metabolism of such tissues showed that citrate oxidation could be 
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stimulated by adding DPN+ to the incubati on mixture (21). This 
observation suggested that a DPN-linked isocitric dehydrogenase 
might be present, whose activity was being limited b,y a lack of 
DPN+ 0 The DPN-specific en2'ifme was separated from the rPN-linked 
en~e in the following tissues: guinea pig and beef heart, and 
pigeon breast muscle (5). TIle animal enzyme was unlike the yeast 
enzyme in that 5
'
-AMP did not seem to be required. However, the 
en2'ifmes were similar in the following respects~ ++ Mn was 
++ more active than Mg • 2. Oxalcsuccinate was not a substrate. 
3. The reversal of the oxidative decarbo~lation of isocitrate 
could not be achieved. Further details of this en~e are given 
in the last section of this Introduction. 
A subsequent study by Neufeld et a1. (28) described the isola-
--
tion of DPN-linked isocitric dehydrogenase from pig heart. Later, 
Sung and Hsu (29), studying Krebs ~c enz,ymes in human placentas, 
isolated the DPN-linked isocitric dehydrogenase and separated it 
from the corresponding TPN-specific enz,yme, which was present in 
20-fold greater amounts (in terms of activity) in extracts of 
mitochondrial acetone powders. The activity per mg. of protein 
found in extracts of placental mitochondrial acetone powders was 
10-20 times lower than found previously in extracts of similar 
powders prepared from beef heart (5). It was noted that estradiol 
8 -6 in a concentrati on of x 10 M had no effect on the activity of 
the DPN-linked en~eo 
Apparently, the only other sources from which the DPN-linked 
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isocitric dehydrogenase had been isolated are Aspergillus niger (30) 
and pea seedlings (31). Ramakrishnan and Martin (30) found that 
the enzyme from~. niger, like the yeast enzyme, was dependent on 
51-AMP for activity. In addItion, it was found that dialysis 
of 8 phosphate-containing enzyme solution against Tris buffer 
markedly reduced activity, which was restored by adding phosphate. 
This is the only DPN-1inked isocitric dehydrogenase which has been 
reported to be activated by phosphate. The pea seedling enzyme was 
not studied in terms of nucleotide requirements. However, both 
the ~. niger enzyme and the pea en~me failed to catalyze the 
reductive carboxylation of a-ketoglutarate. 
It is evident that the 1i st of papers concerning the isola-
tion of DPN-1inked isocitric dehydrogenase from various tissues is 
quite brief. It is possible that this is due to the fact that 
the enzymes from yeast, heart, placenta, and ~. niger are quite 
unstable and the amounts small, so that detailed stUdies are not 
easily performed. In addition, most tissues contain the TPN-1inked 
isocitric dehydrogenase in far greater amounts, so that a superficial 
view may be taken that the DPN-1inked en~me is relatively unimportant. 
Some idea of the relative proportions of these two enz,ymes in the 
cell may be obtained by the following considerations. 
Only 5-12% of the total amount of TPN-1inked isocitric dehydro-
genase activity of the cell is associated with mitochondria (21,22,23), 
while all of the DPN-1inked isocitric dehydrogenase seems to be 
mitochondrial (5,23,29). However, extracts of mitochondrial acetone 
.. 10 .... 
powders still yield 20-30 times more TPN .... than DPN-linked isocitric 
dehydrogenase activity (5). Th~s, of the total isocitric de~dro­
genase act~vity of the cell, considerably less than 1% would seem 
to be DPN .. 1inked. However, such calculations assume that optimal 
in vitro essay procedures reflect the in Situ activities of the 
- --
enzymes accurately, and this assmnption may be incorrect. Further 
considerati ons whf ch have a bearing on the assay of the enzymes 
in vitro and in vivo are indicated below. One should also realize 
- --
that the amount of a given enzyme in thB cell may not reflect the 
imgortanc! of that enzyme in metabolism. 
Controver~ Concerning lb! Path¥!y £! Isocitrate Oxidation. 
Since there are two known isocitric dehydrogenases, the question 
arises as to whether they are involved in the same or different 
metabolic pathways. Isocitric dehydrogenase is needed in the Krebs 
qycle, but the enzyme might also be needed to generate reduced 
P,yridine nucleotide for biosynthetic reactions such as fatty acid 
synthesis, steroid hydr~lation, squalene ~nthesis, and the like. 
Attempts have been made to distinguish which isocitric dehydrogenase 
is involved in mitochondrial oxidation of isocitrate. 
It is well established that the citric acid cr,ycle is operative 
in i~olated mitochondria (27,32) from a variety of sources. There-
fore, mitochondria have been used to study the question of whether 
isocitrate is oxidized in the Krebs cr,ycle via the TPN- or the DPN .. 
specific isocitric deqydrogenase. However, if qne uses suspensions 
of intact mitochondria and tries to detect isocitric dehydrogenase 
- 11 ... 
activity by the change in optical density at 340 ~, certain 
practical and theoretical difficulties arise. For example, in the 
c~se of heart, no reduction of DPN· in the presence of isocitrate can be 
demonstrated in suspensions of mitochondria even though heart 
mitochondrial acetone powders contain DPN-linked isocitric denydro-
genase (5). One reason for the discrepancy may be that isocitrste 
does not penetrate into the mitochondria under certain conditions. 
Indeed, Johnson and Lsrqy (33) produceq marked effects on citrate 
and isocitrate oxidation in liver mitochondria by changing the 
tonicity of the suspending medium. Other evidence exists that 
citrate and isocitrate may penetrate into such mitochondria only 
with difficulty_ Plaut and Plaut (21) showed that added tricarb-
QX,ylic acids were oxidized at very slow rates by heart mitochondria 
although acetate was apparently metabolized via the Krebs cycle 
(21,34) without difficulty. Lester et a1. (35,36) also found that 
--
added citrate and isocitrate was not oxidized by beef heart mito-
chondria unless the m~mbranes were damaged by treatment with 
detergents. Montgomery and Webb (37), however, felt that permeabi ... 
1ity was not the limiting factor in citrate oxidation by heart 
m~tochondria, s~nce lowering of the pH of the suspending medium 
to allow greeter penetration re~ulted in depreSSion of oxidation. 
other interpretations of their results are possible, however. 
Another problem which arises stems from the fact that the IIDPNH ... 
oxidase" activity of mi tochondria is generally quite high (27), 
so that DPNH, once formed, 'WOuld not accumulate, but would be 
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oxidi zed immediately either along the ele ctron transport system, 
or, if endogenous sUbstrate were present, could Qe reoxidized 
via a competing en~mic reaction, such as the reduction of a-
ketoglutarate to glutamate if ammonia were present. The effect 
of "DPNH oxidase" activity would be more marked if the enzymic 
reaction under investigation occurred relatively slowly, as seems 
to be the case with DPN-1inked isocitric dehydrogenase. Further-
.. .. 
more, it one tries to detect reduction of added DPN or TPN , the 
question arises as to whether the nucleotides can penetrate within 
ttE mitochondria or whether any reduction observed is produced by 
adsorbed, extramitochondrial enzymes. 
In spite of these difficulties, the problem of Which isocitric 
dehydrogenase partakes in the Krebs cycle has been considered by 
a number of workers using intact mitochondria. If mitochondria 
are incubated with isocitrate in the absence of any other sUbstrate, 
the amount of o~gen taken up wi 11 be a measure of the "i soel tri c 
oxidase" activity. Using mOllse liver, Hogeboom and Schneider (22) 
found that the isocitric oxidase activi~ was entirely in the mito-
chondria, a finding that was not unexpected in view of the fact 
that only the mitochon:1ria contain the terminal electron transport 
system. Ernster and Navazio (23,24) found that if liver mitochondria 
are incubated in 0.25 M sucrose- .05 M phosphate buffer for 30 
minute s, tm {soci trate oxidase activity is lost. Tbi s treatment 
was found by Siekevitz and Potter (38) to produce a loss of a 
material from mitochondria absorhing at 260~. The data of Hunter 
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~ 
and Ford (39) indicate that this material is at least partly DPN, 
since such depleted mitochondria failed to car~ out DPN-linked 
~ 
oxidations, and such oxidations could be restored by adding DPN. 
It would appear that T~is also depleted from the mitochondria, 
since Ernster and G1asky (40) were unable to dbtain reduction of 
2,6-dich10ropheno1-indopheno1 with isocitrate as substrate, unless 
+ T ~ TPN or DPN were added. Since DPN restored the isocitric oxidase 
activity level to t~at of undep1eted mitochondria, Ernster and 
Navazio (23,24) concluded that a DPN-1inked enz.yme was responsible 
+ for the initial oxidation of isocitrate, especia1~ since DPN 
+ + ~ plus TPN did not seem more effective than DPN alone, and Trw'a1one 
seemed to have a negligible effect. These authors did not dispute 
the fact that the TPN-1inked isocitric deqydrogenase was present 
in their preparations and more active than the DPN-linked en~me 
(24). The reason, therefore, that TPN~fai1ed to restore isocitric 
OKidase activity fully was, therefore, attributed to the inability 
of the electron transport ~ste~ to use the TPNH. ~ itself, 
this observation would not rule out the possibility that undep1eted 
mitochondria could oxidize isocitrate via TPNrand that the TPNH 
could be converted to DPNH via pyridine nucleotide transhydrogenase. 
However, there seemed to be too little transqydrogenase activity 
in rat liver mitochondria to account for all the isocitric oxidase 
activity (43). 
Kaplan1s group (41), on the other hand, have never admitted 
that DPN-1inkBd isocitric dehydrogenase exists at all in rat liver 
- 14 .. 
mitochondria. Stein et ale (41) could not detect DPN-dependent 
--
reduction of 2,6-didhlorophenolindophenol ~ isocitrate in nucleo-
tide-depleted rat liver mitochondria. 11'2se workers, therefore, 
favor a pathway whare~ isocitrate is oxidized ~ the TPN-linked 
isocitric dehydrogenase and the TPNH ~ich is produced is then 
converted to DPNH qy transhydrogenase. These workers found some 
40-50 times as much transhydrogenase activi~ as did Ernster and 
Navazio (23). Purvis (42) confirmed the findings of Stein et al. 
--
(41) in experiments emplqying nucleotide_depleted mitochondria 
Q! rat liver and rat heart: no DPN-linked isocitric de~drogenase 
activity could be detected ~ the use of 2,6-dichlorophenolindo-
phenol. Transhydrogenase was noted to be extremely active. How-
ever, both Stein et al. (41) and PUrvis (42) used an "improved" 
--
transhydrogenase assay in which the 3-acetylpyridine analogue of 
DPN+ waS the hydrogen acceptor. Ernster (43), in a rebuttal, 
considers this assay capable of giving falsely high values for 
+ transhydrogenase because 3-acetylpyridine-DPN has a greater 
+ reduction potential than does DPN. This seems to be a valid 
criticism: Spiegel and Dr,ysdale (44) subsequently showed that 
transhydrogenation from DPNH to 3-acetylpyridine-DPN+ occurred 
non~en~ically. Reaffirming previous results, Ernster end Glesky 
(40) found that DPN+ ful~ restored both citrate end isocitrete 
+ "" pxidation, and that DPN "" 1PN was not more effective. 
The obviously conflicting results cited above have been 
reviewed by Plaut (45) who suggests that subtle differences in 
- 15 -
experimental technJque may be an explanation. 
It is difficult to correlate t~ experiments done with intact 
mitoahondria with work done on pllI'ified enzymes. Although Plaut 
and Sung (5) assayed for DPN-1inked isocitric dehydrogenase in 
extracts of rat liver mitochondrial acetone powder, very little 
activity was found. Ernster and Navazio (24), however, using dye 
reduction techniques, decided that the DPN-linked enzyme was hi ghly 
active in liver mitochondria. Their data indicate that the ratio 
of TPN-specific to DPN-specific isocitric dehydrogenase activities 
in this tissue is only 4. It seems surprising that Purvis (42) 
could not demonstrate the DPN-1inked isocitric dehydrogenase in 
nucleotide-depleted rat heart mitoahondria with 2,6-dich1orq-
phenolindophenol as e1e ctron acceptor. Tl"e en2!Yme has been 
isolated from heart mitochondria of cattle, pigeon, and gqinea 
pig (5) as well as swine (28), and, therefore, might be expected 
to be in rat heart as well. For this reasen, the report of failure 
to demonstrate the DPN-linked isocitric dehydrogenase in rat liver 
mitochondria (42) using the same techniques is of dubious significance. 
-
Besides liver and he!!lrt, certain other tisslE s have been studied 
with regard to the pathway of isocitrate oxidation. Grant and 
Mongkolku1 (46), using ox adrenal cortical mitochondria, found 
that t~ steroid ll-tJ-lwdroxy1ase system was only weakly stimulated 
by citrate although it was known that this system was dependent pn 
TPNH and molecular oxygen. Because of these results, the authors 
suspected that TPm-linked isocitric dehydrogenase could not be very 
.. 16 .. 
active in these mitochondria. They subsequently performed experi-
ments with nucleotide-depleted adrenal cortical mitochondria and 
found that isocitrate reduction of 2,6-dich10ropheno1indopheno1 
was restored b,y adding back DPN+, but not TPN+ (47). The possibi .. 
1ity that transhydrogenase activity could be responsible for this 
was ruled out by direct measurements. Oxygen uptake with citrate 
+ .... 
as substrate was also restored b,y DPN but not with TPN. Thus, 
in adrenal mitochondria, the evidence points to a DPN-1inked 
isocitrate oxidation pathway. Similar results have now been found 
b,y »awtrey and Silk (48) who studied the pathway of isocitrate 
oxidation in mitochondria of Ehrlich ascites tumor cells. Mito .. 
chondria were obtained after rupture of the cells b,y osmotic 
shock (49). Measurements of enzyme activity using 2,6-dich10ro-
pheno1indopheno1 as electron acceptor indicated that there was 
3 to 4 times as much DPN- as TPN-specific isocitric dehydrogenase 
activity. Tager (50) has reported that mitochondria of ripe 
papaya fruit and of other plants seem to contain predominantly 
the DPN .. 1inked isocitric dehydrogenase; the same results were 
obta ined wi th 2,6-dichlorophenoHndopheno1, ferricytochrome .£., or 
02 as electron acceptor. TPN-1inked isocitric dehydrogenase was 
also present but it was extramitochondrial. 
It is clear that the problem of the pathway of isocitrate 
oxidation is still unsolved. Aside from differences in techniques 
used b,y different laboratories, it is possible that various tissues 
may employ different pathwa,ys for the oxidation of isocitrate. In 
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addition, mitochondrial preparations from varioQs sources may be 
contaminated ~ adsorbed en~es to a different degree. A corollary 
of this possibility WOQ1d be that different tissues may exhibit 
marked variations in viability of thB truly intramitochondria1 
enzymes under identical preparative conditions. 
In view of the uncertainty about the pathway of isocitrate 
OKidation, it seemed fitting that further studies on the isolated 
DPN-1inked isocitrate dehydrogenase be carried out. Even though 
only one detailed study of the mammalian enz.yme had been reported 
(5), certain facts had a1reaqy come to light Which would have a 
bearing on studies using intact mitochondria. For instance, 
the DPN-1inked isocitric dehydrogenase was relatively unstable 
and would probably be damaged more easily than the TPN-1inked 
enzYme. Furthermore, the DPN-specific enzyme was inhibited by 
qyanide (5) Which is often used to block cytochrome oxidase in 
experiments with intact mitochondria. It had also been found that 
ATP vaS a strong inhibito~ of the DPN-1inked enzYme (5), and under 
aerobic conditions, mitochondria could well contain high concentra-
tions of ATP. It was felt that further stuqy of the en~e might 
reveal other features relevant to its assay in cells and subcellular 
fractions. 
11. PREVIOUS WORK ON DPN-UNKED ISOCITRIC IEHYDHOOENASE OF BOVINE l£ART 
The only detailed report on this enz.yme Whioh has appeared to 
date is that of Plaut and Sung (5). Aside from showing that the 
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beef heart en~e catalyzed an ap~rently irreversible reaction 
....., ++ 
and was activated ~ Mn more than ~ Mg , this paper also 
surveyed the occurrence of DPN-1inked isocitric de~drogenase in 
a variety of animal tissues. The first source with which the 
authors obta ined unequivocal evidence for the occurrence of the 
enzyme was guinea pig mitochondrial acetone powder. The DPN-1inked 
e~e from this source was partially separated from the TPN-
specific isocitric dehydrogenase ~ simple ammonium sulfate fraction-
ation. The former enzynB precipitated between 0.4 and 0.5 satura-
tlon, whereas the latter was found in the steria1 precipitating 
between 0.6-0.8 saturation. The two en~s from beef heart and 
pigeon breast muscle were also separated. Considerable DPN-
1ink~d isocitric de~drogenase activi~ was found in extracts of 
acetone powders of pigeon heart and rat kidney mitochondria, but 
rat 1iv~r mitochondrial acetone powder seemed to contain very little 
activity. 
The specific activity of extracts of guinea pig heart mito. 
chondrial acetone powder was about ten times higher than obtained 
if whole heart acetone powder was used.. Thus, the enzyme appeared 
to be wholly mitochondrial. 
Studies on the DRl-linked enzyme from beef heart (a convenient 
source for larger quantities of en~e) showed that TPN+ and NMN+ 
failed to react with or activate the enl2'llme. ATP "almost completely" 
inhibited the enzyme at a concentration of 0.002 M. Only threo-Ds• 
isocitrate would serve as substrate. The following were not acted 
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upont threo-L -isocitrate, citrate, cis-aconitate, oxa10succinate, 
5 -
--
El-~-h,ydr~butyrate, ~- or !-a-hydroxyg1utarate, glutaconate, or 
malate (51). 
It was noted that the enzyme was quite unstable, so that 
preparations used for kinetic studies had to be made up daily. 
Even the acetone powder, When stored in the freezer, slowly lost 
DPN-1inked isocitric dehydrogenase activity, whereas the corres-
ponding TPN-linked en~me activity did not decrease. Extracts of 
such mitochondrial acetone powder in 0.01 M potassium phosphate 
buffer, pH 6.5, contained about thirty times more TPN-specific 
than DPN-specific isocitric dehydrogenase activi~. Simple ammonium 
sulfate fractionation yielded enzyme sufficiently clean for most 
of the kinetic measurements, but a more elaborate procedure involving 
calcium phosphate gel adsorption, ammonium sulfate fractionation, 
and Chromatography on a starch-Celite column was devised for the 
highest purity. The TPN-linked en~me was Bti 11 detectable after 
a 40-50 fold purification of the original extract. The procedures 
for making the acetone powder and for purification of the DPN-
specific en~me were later summarized (51). 
1he pH optimum of the beef heart enz,yme appeared to be fairly 
sharp and occurred at pH 6.5 in contrast to a broad pH dependency 
curve for the TPN-linked en~me which had an optimum at about pH 
7.8. ~ values for DPN+ and isocitrate were about 6 x 10.5 M and 
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4.5 x 10.4 M, respectively. 
Carsiotis (52) has done a limited number of inhibition 
studies on the DPN-linked isocitric dehydrogenase of beef heart, 
and his results wi 11 be tmnti cned in the subsequent chapter. 
CHAPTER II 
THE EFFECT OF CERTAIN NUCLEOTIDES 
ON DPN-UNKED ISOCITRIC DEHYDROOENASE 
A systematic survey of the effect of a number of nuc1eotides 
os DPN~linked isocitric dehydrogenase was undertaken for severe1 
reasons. First, it was already known that the enzYMe was inhibited 
by certain nucleotides. Since ATP seemed to inhibit the oxidation 
of citrate in heart mitochondria (21), Plaut and Sung (5) tested 
this compound on DP.N-1inked isocitric dehydrogenase and found 
ATP to be a strong inhibitor. Subsequently, Carsiotis (52) 
confirmed these results, noting that 100% inhibition was achieved 
at a concentration of nucleotide of 0.002 M. He also found that 
21_AMP inhibited the en~me, although only weakly, since 0.015 M 
nucleotide was required for 50% inhibition. ~ increasing the 
DPN+ concentration from 3.3 x 10-4 M to 3.3 x 10-3 M, Carsiotis 
(52) was able to reverse the inhibition by 2'-AMP completely • 
... This finding suggested that 2'-AMP competed with DPN for the same 
site on the enzyme. $e:cond, DPN-linked i soci tri c dehydrogenase s 
from both yeast and ~. niger require a nucleotide, 5'-AMP, for 
maximal activity (4,30). Although the enzyme of heart did not 
seem to require 5'-AMP (5), it remained possible thBt other 
nucleotides might have some effect. Third, quite early in the 
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present studies, it was noted that the rate of DPNH formation 
deoreased markedly with time, suggesting that tm enzyme was 
being inhibited ~ the nucleotide, DPNH. 
In the present studies, the nature of tm inhibition ~ 
these and otmr nuc1eotides has been investigated. In addition, 
it has been discovered that the DPN-1inked isocitric dehydrogenase 
of bovine heart is IIBrked1y stimulated ~ ADP. The characteristics 
of tM ADP stimulation have been investigated. 
I. MATERIALS AlTD METHODS 
Reagents. Water was distilled and deionized before use. 
There was less than 1 ppm of electrolyte, determined as NaC1. 
Most solutions for kinetic studies were also redistilled follow-
ing deionization. 
The following compounds were obtained from. the Sigma Chemi-
cal Co.~ St. Louis, Mo.: DPN+, a-DPN+ (the isomer of DPN+ in 
Which the nicotinamide riboside linkage has the a-configuration), 
DPNH, TPN+, TPNH+, 51-AMP, ADP, dADP, ATP, ADPR, 31 ,51_cyclic~, 
ADP, ITP, GDP, GTP, liMP, UDP, CDP, CTP, riboflavin, riboflavin 
5f-phosphate, and FAD. TPNH WaS also obtained from Celifornia 
Corporation'for Biochemical Research, Los Angeles, California • 
.... Other preparations of TPNH were prepared from TfN as indicated 
in the text. Adenine, adenosine, 21_AMP, and 31-AMP were obtained 
from Schwarz BioResearch, Inc., Orangeburg, N.Y. dGMP and dAMP 
were purchased from California Corporation for Biochemical 
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Research. The above nuc1eotides, as 0.01 M aqueous solutions, were 
neutralized wi th KOH before use, except for soluti ens of the reduced 
p,yridine nuc1eotides which were dissolved in 0.10 M NaHC03• For 
assa,y purposes, the following millimolar extinction coefficients 
(liter mi11imo1e-1) were used (53): 6.22 for DPNH and TPNH at 
340 ~; 15.4 for adenine-containing nuc1eotides at 259 ~; 12.2 
for qypoxanthine-containing nuc1eotides at 262 ~; 13.7 for guanine-
containing nucleotides at 252 ~; and 13.0 for cytosine-conts ining 
+ + + nuc1eotides at 280 m~. NMN, acety1pyridine-DPN , deamino-DPN , 
+ + thlonicotlnamide-DPN , and pyridinea1deqyde-DPN were obtained 
fran the Pabst Laboratories, Milwaukee, Wisc. 
Threo-DsLs-isocitric acid lactone from the California Corp. 
-
oration for Biochemical Research was qydro1yzed by boi1ins at 950 
at pH 10 for 20 minutes and neutralized with HC1 before use. 
Enzymic assa,y with TPN~linked isocitric deqydrogenase (20) indi-
cated that the isocitrate was 99-100% pure. Throughout these 
studies, the racemic mixture of isocitrate was used, although 
the results are expressed in terms of the single active isomer, 
threo-Ds-isocitrate, unless otherwise stated. a-Ketoglutaric 
acid was obtained from the Aldrich Chemical Co. and the Matheson, 
Coleman and Bell Co. and purified b,y recrystallization from 
ether and benzene. The barium salt of glucose 6-phosphate hepta-
qydrate was purchased from the Sigma Chemi cal Company and converted 
to a solution of the potassium salt before use (54·). 
ADp32, with label in the terminal phosphate group, was a gift 
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of Dr. M. Chiga. The compound had been prepared by means of rat 
liver mitochondria and labeled inorganic phosphate (55). 
Cr,ysta11ine liver 1-g1utamic dehydrogenase (rype I, ammonium 
sulfate suspension) and yeast glucose 6-phosphate dehydrogenase 
(Type V) were purchased fran the Sigma Chemical Company. 
DEAE-ce1lulose from the Brown Co., Berlin, N.H., 0.9 meq/g, 
was washed by the procedure of Kaziro et a1. (56) before equi1i-
--
bration with buffer and packing into columns. In this procedure, 
the cellulose resin is repeated~ suspended in 1.0 N NaOH until 
the washings are colorless. After washing with water, the DEAE-
cellulose is then suspended in 0.5 N Hel and filtered through a 
large Buchner funnel. The resin is then washed with water unti I 
chloride-free (as Judged ~ testing \dth AgN03). The cellulose 
is then suspended in 0.005 M potassium phosphate buffer and the 
fines removed. 
eM-cellulose with a capacity of 0.7 meq/gm from the Brown 
Co. was similarly washed before use. 
Ammonium sulfate solutions were adjusted to pH 7.0 with 
concentrated ammonium hydroxide solution before use in enzyme 
preparations. 
Preparations ~ reduced arridine nucleotides. A modifica-
tion of the dithionite reduction method of Conn et a1. (57) was 
--
. + 
employed to reduce the DPN analogues. 10 ~oles of oxidized 
pyridine nucleotide and 0.50 m1 of 1.3% (w/v) NaHC03 were placed 
in a glass-stoppered test tube and the solution flushed with N2• 
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6.0 mg of Na2S204 were added and the solution incubated for 40 
minutes at 25°. Unreacted hydrosulfite was remowd by aeration 
for 4 minutes, and 15 m1 of redistilled acetone at _15° were 
added. The pre cipitated nucleotide was colle cted by centrifugeti on 
and dried for 2 hrs at room temperature .!!!. vacuo. The nucleotide 
was then taken up in 2.0 m1 of 0.01 M NaHC03 for assay and use. 
The extinction coefficients used to assay the reduced pyridine 
nuc1eotides were those given by Siegel et a1. (5B). 
--
Assay ~ isocitric dehydrogenase activity. 
A. DPN-1inked isocitric dehydrogenase. The reaction mixture 
of Plaut and Sung (51) was used in the initie 1 phases of thi s 
stuqy. In a cuvette of 1.0 cm light path were placed 100 ~mo1es 
of c~cody1ate buffer, pH 6.5, 2 ~oles of MnS04' 1.0 ~mo1e of 
DPN·, B.o ~mo1es of threo-DsLs-isocitrate, enz.yme and water in a 
--
final volume of 3.0 m1. The en~me was added last, and U~ rate 
of density increase at 340 ~ was followed in a Zeiss PMQ II 
spectrophotometer. One unit of en~me is defined as that amount 
which causes a change of 0.01 in optical density at 340 m~ per 
minute at 250 under these conditions. 
An improved reaction mixture for assay was developed in the 
course of this stuqy. The mixture consists of 100 ~oles of Tris 
+ acetate buffer, pH 7.2, 4.0 ~oles of MnC12, 1.0 ~ole of DPN , 
16.0 ~oles of threo-DsLs-isocitrate, en~me and 2.0 ~ole of ADP 
---
in a final volume of 3.0 ml. About 67% more apparent activity is 
obtained by the use of this improved reaction mixture. In the 
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present stuqy, all en~me activities are expressed in terms of 
the new ass~ procedure. The rationale for the modified reaction 
mixture is explained later in this chapter. 
Specific activity is expressed as the number of units per 
mg of protein. 
B. TPN-1inked isocitric denydrogenase. The reaction mixture 
is essentially that described by Plaut (20): In a cuvette of 
1.0 cm path length are placed 100 ~oles of Tris acetate buffer, 
+ pH 7.2, 0.5 ~les of TPN , 2.0 ~oles of MnS04' 8.0 ~oles of 
threo-DsLs-isocitrate, en~me, and water in a final volume of 3.0 
m1. Measurement of activity and the unit of activity are the same 
as described for the DPN-specific enzyme. 
Preearation £f ~.linked isocitric deBocdrogenase. Various 
methods for purification of enzyme from beef heart mitochondrial 
acetone powder were used in this study. These methods are detailed 
in Chapter III. 
Preearation ~ ~-linked isocitric deqydrogenase. Extensive 
purification of the TPN-specific isocitric deqydrogenase was not 
attempted; but small, partially purified preparations were needed 
in order to assay isocitrate, generate TPNH used in inhibition 
studies, and to perform other experiments described in subsequent 
chapters. Two simple methods proved practical. All operations 
were performed in the cold room (2_50 ). 
A. Carboxymethyl-cellulose chromatograpny (Modification 
of the method of Rose (59». 
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1. Beef heart mitochondrial acetone powder, prepared 
according to Plaut and Sung (5), was extracted with 0.10 M 
potassi um phosphate buffer in the ratio of 20 m1 of buffer to 
1 gm of acetone powder. Solid ammonium sulfate was added until 
the solution was 0.5 saturated, and the supernatant solution 
after centrifugation was retained. (In practice, the protein 
precipitating below 0.5 saturation was kept for purification 
of the DPN-1inked isocitric dehydrogenase.) 
2. A 50 m1 aliquot of the above supernatant solution was 
treated with ammonium sulfate in the solid form, the pH being 
maintained at 7.0 to 7.4 by addition of solid Na2C03" The protein 
precipitating between 0.6 and 0.8 saturation was collected ~ 
centrifugation, taken up in 2.0 m1 of standard buffer, containing 
5 x 10-4 M EDTA, pH 7.2) and dialyzed against 500 volumes of the 
same buffer for 2 hours. 
3. The dialyzed enzyme was assayed for ammonia and diluted 
until the ammonium ion content was below 0.01 M. The enzyme waS 
then applied to a CM-cel1ulose column, 1.2 x 6.5 cm, which had 
previously been equilibrated with the above standard buffer 
solution. Linear gradient elution was achieved by tba use of a 
mix~ng chamber charged with 100 m1 of standard buffer solution 
and a reservoir containing 100 ml of this buffer plus 0.2 M NaC1. 
A flow rate of about 1 m1 per minute was maintained with a pressure 
of about 30 cm of water. Approximate 1y 6 m1 fractions were 
collected. The active fractions were kept separately and stored 
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at 20 after saturated ammonium sulfate solution was added to give 
a final concentration equal to 0.6 saturation. 
The procedure is summarized in Table I. 
TABLE I 
PURIFICATION OF TPN-LINKED ISOCITRIC 
DEHYDROOENASE BY CM-CELLULOSE CHROMATOO.RAPHY 
Step Volume Activity Protein Speci fi c 
(m1) (units/m1) (mg/m1) activity 
(units/mg) 
1. Supernatant solution 
(0.5 saturated 
(NH4)2S04) 50 200 2 100 
2. (NH4)fSO~ fractionation 
and d a1 sis 2.5 4080 10.2 400 
3. aM-cellulose column 
Breakthrough fractions 11.6 438 1.10 400 
Fraction 9 6.3 190 0.10 1900 
Fraction 10 6.0 142 0.12 1200 
Fracti on 11 5.7 108 0.11 980 
Fraction 12 5.7 80 0.11 740 
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B. Negative adsorption by DEAE-cellulose. 
Protein which precipitated in ammonium sulfate solution 
between 0.6 and 0.8 saturation after being extracted from mito-
chondrial acetone powder as described above was dialyzed as in 
procedure A. About 30 mg of protein was placed on a 1 x 10 em 
DEAR-cellulose column equilibrated against standard buffer solu-
tiona The en~me had little affinity for the column and was eluted 
with the same buffer so 1 uti cn • E.nzyme prepared in this was was 
virtually colorless, comes off the column in the first few fractions 
collected, and has a spedfi c activity of about 7.5 units per mg. 
Somewhat less pure preparations have also been made by treating 
the dialyzed protein batch-wise with DEAR-cellu.ose and removing 
the resin on a Buchner funnel. For batch purification, 6 to 10 
mg of DEAE-cellulose per mg of protein were used. Specific acti-
vities in the range of 650 units per mg were usually obta ined • 
.. D .. e... t.;;er .. m.,i;;.;;n .. a:;.;t;..;i;..;on-.2! initial reaction ~. Most of the routine 
assays for en~mic activity were sufficiently accurate if the 
optical density at 340 ~ was recorded every 30 seconds after 
initiating the reaction. For determination of Michaelis constants 
and for inhibition studies, however, care was taken to rooasure 
only the initial reaction rate. For these measurements, the thermo-
stated cuvette chamber of the spectrophotometer was maintained at 
250 by means of circulating water from a constant temperature bath 
(Haake Gebruder, Berlin, Germany). The reaction velocity was 
followed on a linear recorder (Photovolt Corp., N.Y.C.) and extrapo-
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1ation made to zero time. 
other determinations. Ammonia was determined by a modifi ca-
tion of tlE Nessler method (60). Glutamate was determined by tm 
method of Moore and stei n (61). Protein was determined by tm 
method of Warburg and Clristian (62). Fluorescence spectra were 
measured with a Farrand sp:: ctrophotof1uorimeter fitted with a GE 
100 watt AH-4 mercury lamp. 
ChromatographY 2! adenine nuc1eotides. In order to detect 
adenylate kinase activity in en~me preparations, mixtures of 
enzyme and ADP were chromatographed on paper. Ascending chranato-
grap~ was performed with Whatman No. 3MM paper in the ~stem of 
Krebs and Hems (63), which consists of isobutyric acid:1 N ammonia: 
0.1 M EOTA in the proportion 100:60:1.6. In the experiment involving 
ADP32, phosphate was separated fran adenine nude oti de s by using 
the system of Hanes and Isherwood (64), which consists of isopropyl 
ether:90% (v/v) formic acid in the jroportion 90:6.0. 
II. RESULTS 
Couwetitive Inhibition !?l E!!!;!, ATP t !!l2.!!2!!. It was noted 
early in the course of these studies that the rate of DPNH forma-
tion in the DPN-1inked isocitric dehydrogenase system diminished 
with time. The possibility that this effect could have been due 
to the en~ic reaction approaching a point of equilibrium could 
be ruled out immediately, since tlE DPN-1inked isocitric de~dro­
genase system seemed to be irreversible (5). Also, the analogous 
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reaction for the TPN-1inked ~stem had an equilibrium constant 
which would have been the same for the DPN-SlYstem had it been a 
reversible reaction, and the equilibrium constant is such that 
,. 
DPN would be virtually comple te 1y reduced under the assay condi-
tions (65). Product inhibition was conSidered, and it was found 
that neither a-ketoglutarate or CO2 were inhibitory. However, 
added DPNH depressed the initial reaction rate, suggesting that 
the enz.yme was inhibited by DPNH, a product of the reaction. 
The inhibition ~ DPNH is illustrated in Figure LA, which 
shows the decrease in reaction rate with time. If glutamic 
dehydrogenase, suspended in ammonium sulfate solution, is added 
to the reacti on mixture, the absorbancy at 340 ~ due to DPNH 
di sappears because a-ketoglutarate, DPNH, and ammonia react to 
,. 
yield glutamate and DPN. This is shown by the rapid fall in 
optical density at 340 ~ in Fig. lA when glutamic dehydrogenase 
(GDH) is added at the time indicated by the arrow. One would 
expect that the rate of isocitrate utilization would then be linear, 
since there would be no DPNH accumulation, and the following dis-
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Fig. 1. Effect of DPNH removal on the rate of isocitrate oxidation. 
A. The reaction mixfiure contained 3.3 X310-
2 M cacoqy1ate 
buffer, pH 6~5; 6.7 x 10- M MnC1 2; 2.7 x 10- M threo-DsLs-iso-
citrate; 10- M NH4C1; DPN-linked isocitrate dehydrogenase, and 
water in a volume of 3.0 ml. At the time indicated, 0.2 mg of 
c~sta11ine glutamate deqydrogenas~ (GDH) was added. 
B. Curve 1 shows the formation of DPNH in the presence of 
DPN-specific isocitrate dehydrogenase. The cauposition of the 
medium was similar to that in Part A. Curve 2, the conditions 
were similar to those prevailing for curve 1 except that 0.2 mg 
of glutamate dehydrogenase was present before initiation of the 
reaction with DPN-specific isocitrate dehydrogenase. 
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In order to confirm that the rate of isocitrate oxidatim under 
cmditions where this dismutation reaction can occur, however, 
optical density change at 340 ~ could be used since no reduced 
pyridine nucleotide accumulates. However, isocitrate utilization 
could be followed ~ stopping the reaction at various times and 
assaying glu.tamate by the ninhydrin method. Such an experiment 
is shown in Fig. lB, and shows that removal of DPNH did indeed 
allow isocitrate utilization to proceed at a constant rate. 
Further investigation of the DPNH effect revealed that DPN+ 
could reverse the inhibition by DPNH. A series of experiments done 
at pH 6.5 in cacoqylate buffer indicated that the DPNH inhibition 
was competitive with DPNt , since Lineweaver-Burk (66) plots of l/v 
vs. l/[DPW+J at various DPNH concentrations met at common point on 
the ordinate. The same results were obtained when these experiments 
were repeated at pH 7.2 in the presence of ADP. Fig. 2B shows that 
under these conditions, the inhibition by DPNH is still competitive 
.. + 
with DPW. Km for DPN and ~ for DPNH were calculated by the method 
of Dixon (67) to be 7.8 x 10-5 M, and 3.9 x 10-5 M, respectively, 
su.ggesting that the enzyme has greater affinity for DPNH than for 
DPN+. 
It was of interest to compare the affinities of the two 
isocitric dehydrogenases for their respective pyridine nucleotide 
coenz,ymes. However, TPN-linked isocitric dehydrogenase has such 
a high affinity for both TPN+ and TPNH that the Michaelis constants 
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A. Continuous recordings showing the optical density at 340 
mlJ. as a functioo of time. The cuv.eb5 contained the usual aiisay .-
system in a v01ume4of 3.0.m1, inc1uding'4Curve 1, 3.3 x 10· M DPN ; Curve ~, 3.3 x 10- M DPN and 3.3 x 10- M TPNH. 17 IJ.g of protein 
per cuvet::tq.(specific activity, 3200). 
B. Plot of the reciprocal of velocity against the reciprocal 
of DfN4' concentration. The usual assay system was used for each 
reaction except that the D~ content was varied and inhibitor was 
added in the experiments as indicated below. , • , no 
reduced ~ridine nuc1eotides were present initially; x x,. 
3.3 x 10- M RPNH present initially; 0 0, 3.3 x 10-5 M DPNH 
and 3.3 x 10- TPNH were present initially. V, velocity expressed 
as cha~ge in oPjiCa1 density at 340 IllI.J. per minute. S, ... concentration 
of DPN , M x 10. Enzyme, same as in Part A. 
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metrically, as pointed out by Ochoa (65). However, it has been 
+ pas sible, in the present studies to determine Km for TPm fluori-
metrically. The double reciprocal plot for the data obtained is 
+ -6 shown in Fig. 3. Km for TPm was calculated to be 3.0 x 10 M. 
The en~me preparation used was quite impure, having a specific 
activity of about 100. The preparation consisted merely of the 
supernatant fraction of the crude extract of mitochondrial acetone 
powder following ammonium sulfate precipitation of protein at 
0.5 saturation. Langan (68) $ubsequently reported that TPm-linked 
isocitric dehydrogenase of pig heart combined with TPNH to form a 
distinctive flUorescent complex. He calculated the dissociation 
constant to be about 10-8 M. TPN" competi ti vely di sp1aced TPNH, 
but the affinity of the enzyme for TPN+ appeared to be only 1/200 
that for TPNH. .. Thus, the dissociation constant for TPN would be 
-6 2 x 10 M, a value rather close to the Km found fluorimetrically 
in the present kinetic studies. Both isocitric dehydrogenases, 
therefore, have a greater affinity for the reduced forms of their 
respective coen~mes. 
The inhibition of DPN-linked isocitric dehydrogenase b,y ATP 
+ was also noted to be reversed b,y DPN , and experimmts at both 
pH 6.5 and pH 7.2 indicated that the inhibition was of the competi-
tive type (Fig. 4A). Neither ATP nor DPNH was competitive with 
isoci trate J hOlr2 ver J 
ADPR was also tested and found to give Lineweaver-Burk curves 
showing inhibition competitive with OPN+. Calculation of the 
o 1 10 
s • Fig~ 3. Velocity as a function of TPN concentration in the TPN-
linked isocitrate dehydrogenase system. 
The reciprocal of velocity (V, the change in fluorescence 
intensity at 460 m~ per minute, expressed as mm of recorder de-
f~ection x 10-2) is plotted against the re~iproca1050f ~ 
concentration (5, the concentration of TPNr, M xl). The 
measurements were done at room temperature, 23-250• The reaction 
mixtures contained 100 ~01es ~f threo-DsLs-isocitrate~ water, 
en~e, and TfN+ in a final vo1wne 01 3~16 The TPN concen-
tration was varied in the range of 1-4 x 10- M. 0.1 mg of protein 
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Fig. 4. Inhibition by ATP and ADPR. 
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60 
Plot of the reciprocal of velocity against the reciprocal of 
DPN+ concentration. The usual assay system was employed except 
that the DPN+ content was varied and inhibitor was added in the 
amounts indicated. En~e, 15 ~ per cuvette (specific activity, 
400) •. V is the change in optical densit~ at 340 ~ per minute, and 
S is the concentration of DPr in)II x 10 • 
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inhibition constants for ATP and ADPR yielded values of 1.5 x 10-4 M 
and 6.1 x 10.5 M, respectively. 
Inhibition ~ Other Nucleotides. A number of other nucleotides 
were inhibitory (Table II). However, rather large amounts of these 
TABLE II 















3.0 x 10-3 
3.0 x 10-3 
3.5 x 10-4 
1.7 x 10-3 
1.7 x 10-3 
1.5 x 10-2 
1.5 x 10-2 
1.5 x 10-2 
1.4 x 10 ... 4 
The conditions of incubation were as described under 
"Assay of enzymic activi tytl except that ADP WaS 
omitted. The reactions were initiated with enzyme 
(S1=2 cifi c activity, 400). 
nucleotides were required for inhibition in contrast to the amounts 
needed with ATP and ADPR. The inhibition by these nucleotides" 
.. . ..therefore, may be due at least partly to chelation of Mn • Mn 
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concentration in these experiments was 0.0013 M. This may explain 
the 50% inhibition of DPN-linked isocitric dehydrogenase by 0.015 M 
21~, a nucleotide which has been postulated to inhibit TPN-linked 
en~es specifically and to have little effect on DPN-specific 
en ~es including DPN-linked i soci tric dehydrogenase" (28). 
Stimulation £! activity ~ ~. Since DPNH, ATP, and ADPR 
all were competitive inhibitors having an adenosine pyrophosphoryl 
moiety as part of their structures, ADP was expected also to inhibit. 
However, when the enzyme was assayed at pH 6.5 in the "old assay" 
(see .. M ... at;.;e.r .. i.. a.. l ... s !!!.2. Metmds) in the presence of ADP, approximately 
20% more acU vity was fOl1n.d than in the control. The per cent 
st imulation by ADP, however, varied with the am~nt of i so citrate 
present. It was also found that the optimal amount of ADP seemed 
to be about 10-3 M although stimUlation could be detected at 
concentrations as low as 6.7 x 10.5 M. It is apparent from the two 
curves shown in Fig. 5 that VI/VC, the ratio of the rate in the 
presence of ADP (VI) to the rate without ADP (Vc), is greater at 
the lower isoel trate concentrati on. It seemed possible that such 
an effect could be due to an increased affinity of the enzyme for 
isocitrate in the presence of ADP. Therefore, the effect of va~ing 
the isocitrate concentration on the reaction rate was investigated, 
both in the presence and in the absence of ADP. The results of 
, . 
kinetic studies done at pH 7.2 and 6.5 are expressed as Lineweaver-
Burk plots in Fig. 6A and 6B. From each line in Fig. 6A and 6B, 
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CONCENfRATION OF ADP, !II x 103 
Fig. 5. The effect of ADP on initial reacti on rates as a fWlction 
of AD? concentration 
All measurements were taken at 25°. Each cuvette contained in 
a final volume of 3.0 mIl 100 ~oles of Tris acetate buffer, pH 
7.2; 4.0 ~oles of MnC12; 1.0 ~oles of ~, and 10 ~g. of enzyme 
(specific activity, 1001 Wlits per mg). The cpncentrations of ADP 
and isocitrate were varied. x oc, 6.7 x 10.4 !II isocitrate; 
-_. , 2.7 x 10-3 !II isocitrate. VI is the rate in too presence 
of ADP and Vc is the rate in the absence of ADP. Too reacti ons were 
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Fig. 6. Velocity as a functicn of isocitrate ccncentration in the 
presence and absence of ADP. 
The reciprocal of velocity (V, change in optical density at 
340 fIlIJ. per minute) is plotted agajnst the ~ ciproca1 of isocitrste 
concentration (S, concentration of threo-Ds-isocitrate, 14 x 102) 
for experiments done at pH 7.2 (A) gUd 9t-"H 6.5 (B). 'nie condi-
tions of incubation 'l!2re the same as described under "Materials 
and Methods", except 4that tha concentrati on of i so citrate was varied and 6.7 x 10- 14 ADP was either p~sent (0 0) or absent 
(x x) from the reaction mixtures. In additicn, in the experi-
ments of Fig. 6B, the usual Tris buffer was replaced b,y cacoqylate 
buffer, pH 6.5. In the experiments of Fig. 6A, 25 ~g of protein 
(specific activity, 1001) were used per cuv~; about 22 ~g of pro-
tein (specific activity, 200) per cuve~were present in the experi-




The results of such calculations are giwn in T~ble III. It is 
clear that ADP diminishes the Km for isocitrate at both pH 7.2 and 
pH 6.5, the effect being greater at the former pH. Thus, the Km 
TABLE III 
K FOR ISOCIrRAT£ WITH AND WITHQJT ADP 
m 
Conditions 
pH 6.5, no ADP 
pH 6.5, 6.7 x 10-4 M ADP 
pH 7.2, no ADP 
pH 7.2, 6.7 x 10-4 M ADP 
3.6 x 10-4 M 
1.0 x 10-4 M 
1.5 x 10-3 M* 
1.4 x 10-4 M* 
These values are calculated fram the data of Fig. 2. 
* The present Km values were obtained with a more 
highly purified preparation of enzyme than used in an 
earlier study (69) whi ch indi cated tmt ADP reduced 
the Km at this pH by at least 5-fold. 
for isocitrate is reduced some ten-fold at pH 7.2 from 1.4 x 10-3 M 
in the absence of ADP" to 1.3 x 10-4 M in the presence of ADP. 
The, presence of ADP at pH 6.5 produces only a 3.6-fo1d decrease 
in Km for isocitrate. Because the lines in Fig. 6A and 6B converge 
at the ordinate s, V
max is not changed by ADP. It is clear J then 
that the effect of ADP is to increase the apparent affinity of the 
enz,yme for substrate. 
It should also be noted that Fig. 6 illustrates the fact that 
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the stimulatory effect of ADP :00 comes more dramatically evident 
wm n the isocitrate concentration is low. Thus, at pH 7.2 it 
can be shown that wh:!n the isocitrate concentration is 1 x 10-3 M, 
the rate in the presence of ADP is 1.5 times greater than in its 
absence; but at a lowr concentration of isocitrate, 1 x 10-4 M, 
the stimulated rate is about 70 times gre ater than the c<lltro1. 
Thus, th:! enz,yme is virtually dependent on ADP for activity if 
substrate concentration is relatively low. 
ADP also lowers Km for divalent metal ions. The data of 
.... Plaut and Sung (5) suggested that the Km for Mn was in the region 
of 1 x 10-4 M at pH 6.5 in th:! absence of. ADP. Since the assay 
conditions \\\ere changed in order to have the reaction run at pH 
7.2 with 6.7 x 10.4 M ADP present, the K for Mn++ was reinvesti-
m 
gated in order to ascertain the optimal ooncentration of Mn ++ to 
be employed, as well as to see if ADP affected the apparent 
affinity of the enzyrre for Mn". The data of experiments relevant 
to these problems are plotted as reciprocal velocity vs. the 
++ reciprocal of Mn concentration both in the presence and absence 
of ADP at pH 7.2 in Fig. 7. In these 
pf isocitrate and DPN+ were present. 
ADP decreases K for Mn .... from 2.1 x 
m 
experiments, saturating amounts 
It was shown that 6.7 x 10-4 M 
10-4 M to 2.7 x 10-5 M: an a-fold 
diminut ion. Vis the same wi th and wi thout ADP. 
max 
.... Plaut and Sung (5) found that Mg could satisfY the metal 
reqUirement of DPN-1inked isocitric dehydrogenase. In the experi-
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Fig. 7. Velocity as a function of Mn++ and Mg++ concentration in 
the presence and absence of ADP. 
The reciprocal of velocity (V, change in optical density at 
340 m~ per minute) is plotted against the reciprocal of ~ta1 ion 
concentration (5, the concentration ~~ metal ion, M x 10 ) for 
experiments done for Mn++ (A) and Mg (B). The conditions for 
the reactions are the same as in Fig. 6, except that isocitrate 
concentration was kept constant at 2.7 x 10-3 M. In each experi-
ment, the cuvette contained 10 ~g of protein, specific activi~ 




constant for Mg at pH 7.2 just as it had in the case of Mn .• 
Without ADP, K for Mg++ was found to be 1.8 x 10-3 M, while in 
m 
the presence of 6.7 x 10-4 M ADP, Km for Mg++ decreased to 1.8 x 
10-4 M. V is again the same with and without ADP. It is 
max 
interesting that while the Michaelis constants for Mg+· are much 
++ ++ higher than those for Mn , the V for Mg is only 20% lower 
max 
thal that for Mn ..... 
The effect of ADP on the apparent affinity of the en~me for 
both Mn++ and Mg++ is of the same order of magnitude as the effect 
on the K for isocitrate. Chelation of metal by ADP camot explain 
m 
the decrease in K for the metal ion, since suCh binding would 
m 
give an apparent increase in Km by removal of ions available for 
binding to the en~. The fact that ADP influences the binding 
of both isocitrate and metal ion, but not that of DPN*, suggests 
that metal ions are involved in the substrate binding site but not 
in the coen~e site. 
A further effect of ADP is to shi ft the pH optimum of the 
DPN-specific isocitric dehydrogenase system to pH 7.2. It was 
reported by Plaut and Sung (5) that maximal activity occurred at 
pH 6.5 in the presence of cacodylate buffer and 1.3 x 10-3 M 
threo-DS·isocitrate. Fig. 8 shows the reaction rate as a function 
--
of the pH for high and low concentrations of isocitrate as deter-
mined in imidazole chloride and Tris acetate buffers. The results 
of Plaut and Sung (5) were essentially confirmed because it can be 
seen that with an isocitrate concentration of 1.3 x 10-3 M, the 
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Fig. 8. Effect of isocitrate and AUF on pH optimum. 
All reactions were run at 250 and initiated by addition of 
enz,yme. Each reaction mixture of 3.0 m1 contained 100 ~oles of 
imidazole chloride buffer (below pH 7.0) or Tris acetate buffer 
(pH 7.0 or above), 4.0 ~oles of MnC12, 1.0 ~ole of ofN+, 25 
~grams of protein (specific activity, 400). Isocitrate and AOP 
were varied as follows: .CJ - .. --,;. a ,1.3 ,x 10-3 M threo-Os-
isocitrate and 6.67 x 10-4 M ADPj o-~---o, 1.3 x 10-2 M t~o-O 
isocitrate and no ADPj • .', 1.3 x 10-3 M threo-Ds-iSodltr'lte 
and no ADP. 
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cacoqylate buffer is slightly higher than in imidazole buffer at 
any given pH.) When 6.7 x 10-4 M ADP is present, however, the pH 
optimum is seen to Shift to 7.2. An optimum at pH 7.2 is also 
obtained if isocitrate concentration is increased to 1.3 x 10-2 M 
in the absence of ADP (Fig. 8, middle curve). Fig. 8 indicates 
that at the lower isocitrate concentration in the absence of ADP, 
the reaction rate at pH 7.2 is much slower than at pH 6.5-6.7. 
This observation can be explained at least partially b,y the fact 
that Rm for isocitrate in the absence of ADP is about 4 times 
higher at pH 7.2 than at pH 6.5 (Table III). The apparent affinity 
of the en~e for substrate is actually greater at low pH, but the 
velocity falls rapidly on the acid side of pH 6.5 probably due to 
protonation of a carb~late group of isocitrate (the third 
ionization constant of citric acid, pRa, has been found to be 
5.7 at an ionic strength of 0.12 (70». 
Two possible explanations for the ADP stimUlation were tested: 
1. That ADP is a participant in an overall reaction in which the 
nucleotide is consumed to yield orthophosphate and 51-AMP or an 
adenylic acid derivative. 2. That ADP reacts with the enz,yme 
leading to the formation of an activated enzyme complex. 
The possibility that ADP participates in stoichiometric 
amounts in the DPN-linked iSOCitric dehydrogenase reaction was 
tested by using ADP labeled in the terminal phosphate group with 
p32• In a final volume of 0.3 ml were placed 10 ~oles of Tris 
acetate buffer, pH 7.2; 0.4 ~oles of MnS04; 1.6 ~oles of threo~DsLs-
---
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isocitrate; 0.1 ~ole of DPN+; 0.2 ~ole of ADp32; and 3 units of 
en~me, specific activity 725 (4.1 ~g total). After 35 minutes at 
230 , the reaction had gone almost to completion and the mixture was 
deproteinized with 10% trichloroacetic acid, and an aliquot of the 
supernatant fluid was chramatographed on paper in the isopropyl 
ether~ formic acid ~stem of Hanes and Isherwood (64) and in the 
isobutyric acid2ammonia:EDTA ~stem (63). Radioactivity was 
located b,y radioautograp~ and found in the area corresponding 
to ADP, except for a small amount in ATP; no radioactivity was 
foun~ in the area corresponding to orthophosphate~ Since the 
ATP spot also occurred to the same extent in a control reaction 
mixture not containing isocitrate, adenylate kinase contamination 
was probably present. Direct tests on similar preparations of 
e~me showed the presence of adenylate kinase. ADP, therefore, 
seems to stimulate the en~me in catalytic rather than in 
stoichiometric amounts. 
If the addition of ADP led to the formation of an activated 
en~me complex, it seemed possible that a lag period might 
occur between the addition of ADP and the attainment of full 
stimulation. Kearng,y (7l) found that the stimulation of succinic 
de~drogenase b,y malonate, succinate, or phosphate was a relatively 
slow process involving large energy changes. To test this possi-
bility, the experiment depicted in Fig. 9 was performed. When B 
reaction was started in the absence of ADP, and the nucleotide 
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Fig. 9. The effect of the dela,yed addition of ADP on velocity. 
Each cuvette contained in a volume of 3.0 ml: 100 ~oles of 
Tris acetate buffer, pH 7.2; 16.0 ~oles of threo-~E~F-iSocitrate; 
4.0 ~oles of MnSOh and 1.0 ~ole of D~. ~te ie ons were 
initiated by adding 6.2 ~8 of en~me protein (specific activity, 
2670) and incubated at 25. The progress of the reaction was 
follwed at 340 ~ in a Cary recording spectrophotometer (Model 
14). Curve 1, reaction in the absence of ADP. Curve~, all 
components of the reaction mixture including 2.3 x 10- M ADP 
present initially. Curve 3, ADP was absent initially. At the 
time indicated by the arrow, the cuvette chamber was opened and 
0.69 ~ole of ADP was mixed with the incUbation solution by means 
of a polyethylene spatula. The cuvette compartment was closed and 
the recording of the progress of the reaction resumed. 
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occur immediately and to the same degree as when ADP was present 
initially. No delay in the onset of the ADP, thus, was observed, 
and the techniques used in this experiment would have detected 
any lag period of three seconds or more. 
That ADP seems to affect the binding of isocitrate to the 
enzyme has been indicated above. However, ADP does not seem to 
affect the site of DPN+ binding, because the Km of DPN+ was about 
10-4 M both with and wi thout ADP at pH 7,2. Furthermore, a number 
of experiments indicated about the same per cent stimulation of 
reaction rate by ADP in the presence of either DPN+ or acetylpyridine-
DPN+, Additional evidence that ADP does not affect the coenzyme 
site is the observation that DPNH inhibition, which is competitive 
+ with DPN , is not reversed by ADP. 
The activation by ADP seems to be specific, since a large 
number of related compounds had no such effect when tested in the 
concentration range of 1 x 10-3 M to 1 x 10-4 M. Thus, no signi-
ficant stimUlation was exerted by the following: adenine, adenosine, 
2'-AMP, 3'-AMP, 5'-AMP, 31,5'-cyclic-AMP, dGMP, dAMP, UMP, ADPR, 
lDP, GDP, UDP, lTP. dADP seemed possibly 10% more stimulatory than 
ADP at a concentration of 6.7 x 10-4 M. The fact that only ADP 
and dADP stimUlate the enzyme suggests that tm activation is an 
intrinSic property of DPN-1inked isocitric dehydrogenase and makes 
a non-specific activation, such as chelation of a metal impurity, 
extremely unlikely as the basis of ADP stimulation. The enzyme 
does not seem to contain tightly bound ADP, because treatment of 
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enzyme wi th Nori t A (abo ut 1 mg per mg of prot e in) under condi-
tions of low ionic strength failed to give any change in the per 
cent stimulation by ADP added subsequently. Moreover, Us degree 
of activation by ADP seemed to st~ constant in each step of all 
purification procedures. The binding of ADP to e~yme thus seems 
rather weak. This 'finding is also suggested by the fact that 
half maximal stimulation, as shown in Fig. 5, appears to occur at 
around 4 to 5 x 10-4 M ADP, a relatively high value in comparison 
to the value found for the yeast DPN-1inked isocitric dehydrogenase, 
for' which half-maximal activation by ,I_AMP occurred at a concentra-
tion of 9 x 10-6 M nucleotide (4). 
Orthophosphate was tested for stimUlation because Ramakrishnan 
and Marti n (0) had rep:> rted sti mUlati on of the DPN-linked i so-
citric dehydrogenase of~. niger by phosphate. The beef heart 
enzyme was dialyzed free of phosphate against Tris acetate buffer 
and was found still to be active, although the prolonged dialysis 
caused some loss of activity_ Addition of phosphate did not 
stimulate the enzyme either in the presence or absence of ADP. 
Effect of TPNH. It was noted that the amount of isocitrate 
---.... _-
oxidized in the presence of TPNH in a given period of time was 
1e ss than obtained in the absence of TPNH. wm n TPNH was tested 
for inhibition of the initial reaction rate, howaver, no consistent 
results were obtained. Certain commercial preparations of TPNH seemed 
to yield inhibition of the initial rate 3, but purified preparations 
3Samp1es from Biochimica-Boehringer, distributed by California 
Corporation for Biochemical Research. 
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uniformly gave uninhibited initial rates. However, the rate of 
decrease in reaction velocity with time was increased over controls. 
Typical curves representing reactions with and without TPNH are 
shown in Fig. 2A. TPNH apparently potentiates the inhibitory 
effect of DPNH, so that tm usual decrease in velocity with time 
due to product inhibition by DPNH (Fig. 2A, curve 1) becomes more 
marked in the presence of TPNH (Fig. 2A, curve 2). The magnitude 
of this effect of TPNH was examined by calculating the RI for 
DPNH in tm presence and absence of TPNH from Lineweaver-Burk 
plots such as shown in Fig. 2B. ~ for DPNH was calculated to be 
3.9 x 10-5 M. In the presence of 3.3 x 10-5 M TPNH and an equi-
molar amount of DPNH, the potentiated inhibition resulted in an 
apparent inhibition constant, ~, of 0.76 x 10-5 M. It can be 
calculated that, under standard assay conditions, 0.1 ~ole of DPNH, 
in the presence of 0.1 ~ole of TPNH, exerts the same amount of 
inhibition as about 0.5 ~ole of DPNH alone. 
Since impurities, such as DPNH, might have been present in 
commercial TFNH sample s, TPNH was prepared for inhibition studies 
in two ways. In the first method, TPNH was generated enzymically 
in the presence of the DPN-1inked isocitrate dehydrogenase 
reaction system by means of glucose 6-phosphate, glucose 6-phosphate 
... dehydrogenase, and TPN. Isocitrate oxidation then was initiated 
by addition of DPN-1inked isocitrate dehydrogenase. TPNH was also 
prepared by reduction of TPN in the TPN-1inked isocitrate dehydro-
genase system and purified on DEAE-cellu1ose columns (72) as 
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described in Chapter IV. The pur ifie d TPNH had a ratio of optical 
densities at 260 ~ and 340 ~ of 2.4 at pH 7.2. TPNH prepared 
~ either method gave the same results, as did Sigma Chemical Co. 
preparations. 
The possibility that the effect of TPNH could have been an 
artefact due to contaminating en~mes was considered. Thus, 
TPN-1inked isocitrate dehydrogenase or glutamate dehydrogenase 
could decrease the rate of increase in optical density at 340 ~ 
wit h time by reoxidi zing TPNH with a-ketoglutarate fermed in the 
DPN-linked isoei trate dehydt;'ogenase reaction. This possiM lity 
seemed remote since the en2;Yme used for the study seell8d to be 
at least 60% pure by u1tracentrifugaticn. In fact, neither 
enz,yme could be demonstrated in the DPN-specific isocitric dehydro' 
genase preparation used. Moreover, TPNH potentiated the inhibition 
of the initial reaction rate when both nuc1eotides were p~sent 
-
initially (Fig. 2B). It was also conceivable that pyridine nucleo~ 
tide transhydrogenase could lead to an apparent augmentation in 
DPNH inhibition ~ producing more DPNH from DPN+ and TPNH. However, 
transhydrogenase did not seem to be present, since D~, TPNH, and 
en~me . did not. result, in the formation of TPN+, as tested for 
by the glucose 6-phosphate dehydrogenase system. Also, the TPNH 
effect could not be explained by transhydrogenase since the amount 
of inhibition obtained in the presence of equimo1ar amounts of 
TPNH andDPNH was consistently greater than that obtainable if all 
the TPNH had been converted to DPNH, (i.e., doubling the DPNH 
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concentration in the absence of TPNH). 
Reactivity illh.Q!! analogllSs. Table IV shows the reactivity 
of the DPN-linked isocitrate dehydrogenase ~!tem ~th a number of 
:+ DPN analogues. The 3-acetylpyridine analogue was the only one 
... 
which oxidized substrate at a significant rate (50% that of DPN ). 
The enzyme does not seem to interact wi th tm deamino analogue of 
DPN+ since there waS no reducti on of this compound, and it did 
not inhibit the rate of tiE reactioo. with DPN+. An intact 
adenosine 51-pyrophosphoryl moiety may be required for binding of 
the nucleotides to tiE coenzyme site since ATP, ADPR, and DPNH 
inhibit competitively with DPN+ whereas deamino-DPNH and TPNH do 
not. 
The sttrlies on the abiH ty of various DPN'" analogIEs to 
replace DPN+ should be taken only as a quaUtative surVey for the 
following reason. The analogIEs were tested oo.ly at a CQ'lcentration 
-4 ... of 3.3 x 10 M, the same coo.centration whi ch is used for DPN in 
tiE standard assay. Although this concentration is sufficient to 
give zero order kinetics with DPN+, tiE K values for the analogues 
m 
were not determined, so that the concentration of the analogues 
used in the tests may not have given the nmximum obtainable 
velocities. Thus, variation in the Km for various coenzyme 
analogoo s in a nlUllber of enzyme ~stems was ndEd by Kaplan et a1. 
--
(73). 
... ATP, DPN, DPNH and TPNH were tested for inhibition of TPN-
speoifi c i soel tri c dehydrogenase, am no such effe ct was found. 
TABLE IV 
EFFECt OF VARIOUS PYRIDINE NUCLEOfIDES 
Pyridine Nucleotide Relative Activity8 
% 
A. Oxidized nuc1eotides 
DJ'm+ 100 
+ a:-DPN 0 
TPN+ 0 
+ Acety1p.yridine-DPN 50 
.. Thionicotinamide-DPN 7 
Deamino .. DPN + 0 
.. Pyridinea1dehyde-DPN 0 
NMN+ 0 
B. Reduced Nuc1eotides Relative Inhibitiona 
DPNH 100 
Acety1p.yridine-DPNH 70 
Thlonicotinamide-DPNH <: 10 
De an ino .. DPNH 0 
TFNH cf 
aThe activity obtained with DPN+ or DPNH is taken as 100%. 
bSee the text. 
All tests done at 25°C. For evaluation of tm oxidized 
nuc1eotides, each cuve~contained in a volume of 3.0 m1: 100 
~oles of Tris buffer, pH 7.2; 4.0 ~oles of MnC1; 16.0 ~oles 
of threo-DALs-isocitrate; water, and 1.0 ~ole of the nucleotide 
testea. ,If @teacti on was started by adding 25 IJ.9rams of enzyme 
(specific activity, 500). The reduced nuc1eotides were tested 
under similar conditions in the presence of 1.0 ~mo1e of DfN+. 
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This enz,yme also was not stimulated b,y FAD, ribof1avin-5'-phosphate 
or riboflavin. 
F1uorimetric studies .2!! enzyme-nucleotide come1exes. The 
inhibition by DPNH suggested that the nucleotide might be bound 
to the en~me. Binding of reduced p,yridine nuc1eotides to enzymes 
has been shown in a number of instances to result in an enhancement 
of the nucleotide fluorescence and a shift of the peak to a lower 
wavelength (see Udenfriend (74», an effect first noted far the 
IPNH-horse liver alcohol dehydrogenase complex (75). Sllch' an' 
effect was obtained also by Langan (68) far TPNH and the TPI-
linked isocitric dehydrogenase. In the present studies, similar 
f1uorimetric evidence for binding has been obtained for the DPN-
linked en~me; but thi s enz,yme apparently binds to roth DPNH .!!l2. 
TPNH (Fig. 10 and 11), in support of the kinetic data given above. 
1. Binding to DPNH: Enzyme preparations of different puri ty 
were used in the experiments depicted in Fig. lOA and lOB, but 
the emission peak of DPNH in both instances was shifted from 
460 m~ to 444~. The nucleotide fluorescence inoreased 46% in the 
presence of 1020 units per m1 of the 1e ss pure preparaU on (speci-
fio activity, 189) (Fig. lOA) whereas 1420 units per m1 of the 
hi gh1y purified enzyme (specific activita', 2490) enhanced the 
intensity 120% (Fig. lOB) although there was much less protein 
present. The lack of correlation between enzymic activi ty and 
fluorescen(2enhancement suggests that sone quenching may have 
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Fig. 10. Comparison of the fluorescence emission spectra of DPNH 
and the DPNH-en~me complex. 
.,' 
All solutions contained 0.10 M potassium phosphate, pH 7.2~ 
The excitation wavelength was 360 m~ (uncorrected). The dotted 
curves (8) are difference spectra obtained by sUbtracting the -6 
fluorescence of the buffer alone from that obtained for 3.3 x 10 M 
DPNH, while the solid lines (b) are the spectra for solutions of 
protein plus 3.3 x 10- M DPNH, cortected for the fluorescence of 
the Brotein solution: alone. The protein was dialyzed for 2 hours 
at 2 against buffer, and any precipitate formed was removed by 
centrifugation. The protein solutions then were allowed to come 
to 200 • Each cuvet~e1d 3.0 m1 of enzyme solution. 0.1 ml of 1.0 
x 10-4 M DPNH was then added and the fluorescence spectra immediately 
recorded. The addition of DPNH resulted in a 3% dilution of the 
en~me solution, but the difference spa ctra are not corrected for 
this small error. Part A, 5.4 mg of protein per ml (specific 
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Fig. 11. Fluorescence emission spectrum of TPNH-en~e complex. 
The methods and condi ti en s for obta ining the se spe ctra were 
the same as described under Fig. 10. A different setting on the 
voltmeter resulted in greater recorder deflections than obtaired 
in tm experimnts of Fig.10. The lower curve represents the 
difference spectrum obtained by subtracting the f1uor~gcence of 
the buffer alone from that for a solut! on of 3.) x 10- M TPNH, 
while the solid line is the spectrum of the solution of 3.3 x 
10 ... 6 M Tl1lH and enzym, corrected for the fluorescence of tm 
en2({UIe solution. Protein, 1.0 mg per m1 (specific activity, 600). 
Some TPN-linked isocitric deqydrogenase activity was present (32 
units per m1). 
- 58 -
- 59 -
photomultiplier sensitivity may not have been linear over the 
range of fluorescence intensities en.countered. Too latter possi-
bility arises because the eXlEriment of Fig. lOA employed large 
amounts or protein, and considerable fluorescence due to protein 
had to be subtracted from the spi!! ctrwn obtained in the presence of 
both enzyme and DPNH. The corre ction made far Fig. lOB, however, 
was quite slIII11. 
2. Binding to TPNH: DPN-linked isocitric dehydrogenase 
seems to form a TPNH-en~me complex which is discernible in the 
same way as described above far the DPNH-en~me complex. As 
:bown in Fig. 11, TPNH fluorescence was augmented about 100% in 
the presence of en~me. The peak of fluorescence emission was 
shifted from 452 ~ to 434 ~ by the presence of protein. These 
results suggest that although TPNH does not seem to alter the initial 
reaction rate by itself, it binds to the en~e and thus forms a 
complex which is now more sensitive to DPNH inhibition. 
The TPNH which was used in the fluorimetric studies was 
synthesized by enzymic reduction of TPN+ with isocitrate in the 
TPM-specific isocitric dehydrogenase ~stemJ and toon purified 
as described in Chapter IV. The DPN-linked en~me preparaU CIl 
llSed for the study on TPNH binding still contained detectable 
TPM-specific isocitric dehydrogenase, but not enough to influence 
the spectra Which were observed. 
Since Mn++ was not added in any at the fluorescence experi-
ments, DPNH and TPNH seem to bind directly to the prote in. Although 
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there may have been metal ions present in tl'E protein preparati ons, 
tte amount would have been insignifi cant sI. nce no DPN-Unked 
isocitric dehydrogenase preparations have been noted to be active 
wi thOllt added metal ions. 
III. DISCUSSION 
The finding that DPNH inhibits DPM-linMed isocitric dehydro-
~nase shows that the redllCed form of the coenzyme can bind to 
the enzyme even in the presence of redllCed sUbstrate (isocitrate). 
In this regard, the e~me differs fran TPN-linked isocitric 
dehydrogenase, which is not inhibited by TPNH (45). Langan's work 
(68) indicates that the reason for the lack of inhibition by 
TPNH of the TPM-specific enzyme is that tm TPNH cannot bind to 
the enzyme in the presence of a large amount of reduced sUbstrate. 
Thus, the ternary canplex, enzyme:reduced coenzyme:reduced sUbstrate, 
is not allowed; and this fact is indicated ~ the dissociation of 
the TPNH-enzyme mmplex in tm presence of added isocitrate. In 
the case of DPN-linked isocitric dehydrogenase, since DPNH reduces 
the rate of isocitrate oxidation in the presence of an excess of 
substrate, it is possible that an inactive ternary complex may 
exist, consisting of enzyme:DPNH:isocitrate. If this were so, the 
enzyme would differ markedly from other enzyme s such as lacti c 
dehydrogenase, which has been studied ~ Schwert and coworkers 
(76-79) and has been found not to form "unnatural" temary complexes 
in which both sUbstrate and coenzyme are in the reduced form. 
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Although ternary complexes of the type en2({II18 :reduced coenzyme: 
oxidized substrate would be unstable, Schwert's group has been 
able to demonstrate such complexes by the use of substrate analogues 
in the case of lactic dehydrogenase (77). Thus, oxalate was used 
as an analogue of pyruvate, and the en~me:DPNH:oxalate complex 
identified fluorimetrically (77). Since trese workers found tlat 
oxamate was an analogue of lactate, it was not surprising that 
the enzyme:DPNH:oxa1ate complex was dissociated by addition of 
oxamate. Theore11 and Langan (80) likewise found that malic 
deh,ydrogenase could form a ternary complex with DPNH and D-ma1ate, 
but not with DPNH and its natural substrate, L-ma1ate. !heore11's 
group (81,82) has studied the complexes of liver alcohol dehydro-
genase and also found that in general, "unnaturaX' ternary complexes 
could not be formed either with DPNH and alcohol, or with DPNH and 
an enzyme inhibitor competitive with alcohol (and analogous to alcohol) 
such as certain fatty acid amides. Only at extremely high alcohol 
concentrations was there f1uorimetrl c ani kineti c evidence that 
the complex, enzyme:DPNH:alcohol, had formed (82). Winer and 
Schwert (83) found that glycerSldeh,yde 3-phosjilate dehydrogenase 
could not complex with both DFNH and reduced substrate Simultaneously, 
although they obtained some fluorimetrlc evidence for such a complex 
with glutamic dehydrogenase. However, Frieden (84) has found that 
glutamic dehydrogenase may bind DPNH at sites different from the 
catalytically active site. It seems then, that the lack of 
inhibition of many dehydrogenases by their reduced coenzymes may 
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be due to the fact that reduced substrate prevents binding hy these 
coen~e forms, in spite of the lack of kinetic evidence to indi-
cate strict competition between substrate am. coenzyme for the 
same site on the protein. Thus, DPN-1inked isocitric d~hydrogenase 
may be an exceptional case, and DPNH inhibition may not be Just a 
Q. 
fortuitous finding but rather may be part of"built-in mechanism 
for the cCl'ltro1 of enzymic activity under physiological conditions. 
The following points may be brought out concerning the 
inhibi tion hy ATP. Plaut and Plaut (21) found that oxidati III of 
citrate by cardiac mitochondria was increased either hy decreaSing 
the amount of ATP in the suspending medi um and adding NMN" or DPN"'. 
While other interpretations of these effects undoubtedly are poSSible, 
one could attribute such stimulation of citrate oxidation to th! 
ran oval of ATP inhibition of DPN-linked isocl tri c dehydrogenase 
and to reversal by DPN· of inhibition hy endogenous DPNH. Since 
the present results show that the enzyme is not directly affected 
.. hy NMN , possibly the effect this nucleotide has of stimulating 
mitochondrial citrate oxidation is indirect al'd depends on a secondary 
... 
reaction, which would also remove ATP and increase DPN : 
ATP • NMN· 
Kornberg (85) has found such an en~me, deSignated DPN-pyrophos-
phory1ase, in yeast and liver, but Hogeboom and Schneider (86) 
fo und that the enzyme was mainly nuclear, at least in liver. Whether 
such activity exists in cardiac mitochondria is not known. Preiss 
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and Handler (87) have noted this en~me in erythrocytes, 'Which 
contain no nuclei, and found it to be identical to the one 
catalyzing the analogous reaction involving nicotinic acid 
mononucleotide and desamido-DPN+. DPN+ ~thesis, in general, 
apparently involve s not NMN+ but nicotini c acid mononucleotide 
(87,88). 
The sti mulati crt by ADP was an unexpe cted find! ng. Only one 
other enzyme has been definitely established to be stimulated by 
ADP: Frie den (89) found that gl utamic dehydrogenase of beef liver 
was markedly stimulated by ADP. (Kornberg and Pricer (4) reported 
that ADP muld Nplace 51-.AJIIP for activation of yeast DPN-linked 
isocitric dehydrogenase, although Kornberg (90) later apparently 
denied this.) The present results indicate that ADP markedly 
lowers the Km for isocitrate and changes the pH optimum towards 
a more phySiological range. Since many related nucleotides had 
no such activating effect, one suspects that ADP stimulaticrt may 
play some in vivo role. The enzymic rate at pH 7.2 at low concen~ 
--
trations of isocitrate, say, 1 x 10-4 M, is barely measureable 
in the absence of ADP, be.ing only 1-2% of the rate in the presence 
of the nucleotide; and there is evidence that under physiological 
mnditions, isocitrate concentration may be in a range 'Where tm 
ADP effect is very pronounced. Although direct data for intra-
mitochondrial isocitrate concentration are apparently not 
available, the following considerations suggest that it is low. 
Bellamy (91) estimated the content of citrate in liver mitoChondria 
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to be about 5 lJ.ro.o1es per gram. The isocitrate concentration would 
then be less than 3 x 10-4 M if one assumes that the aconitase-
catalyzed equi libri um between the tri carboxyli c acids obtains 
(92,93). Thus, Ull1er physiological oonditions" DPN-sJ:Ecific 
isocitric dehydrogenase may be virtually dependent on ADP, 
which could then be regarded as a necessary prosthetic group. 
The fact that ADP influences the Km's of metal ions suggests 
a mechanism for increaSing the efficiency of control of enzymic 
activity under physiological conditions. Since isocitrate eon-
centration in mitochondria may be so low as to make the enzyme 
virtually dependent on ADP, this dependency may be augmented if 
magneSium and manganese ions in mitochondria are also in the 
range where binding is influenced ~ ADP. No data are apparently 
available for the cardiac mitochondrial content of these ions, 
but Thiel'S and Vallee (94) have determined the metal content of 
rat liver mitochondria ~ emission sJ:Ectroscopy. Their results show 
-3 -5 ....... that there are 3 x 10 and 3 x 10 moles of Mg am Mn , 
respectively, per liter of mitochondria. Since compartmenta1ize-
tion of these ions undoubtedly occurs, and sine e the amount of 
aqueous phase available to these ions is not known, it would obviously 
.... . ... be speculative to say that these figures for Mg and Mn represent 
the concentrations in the area of the mitochondria where isocitric 
dehydrogenase is located. However, if Mn·+ were the mete1 ion 
used in vivo by this en~me, the figures of Thiel'S and Vallee (94), 
--
.... in conjunction with the values of Km for Mn in the presence and 
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absence of ADP obtained in these studies, 'WOuld suggest that IlI'lder 
ptwsiological conditicns, the en zyme ha; 1i ttle activity IlI'lless 
.... 
activated by ADP so as to be able to interact with Mn at the 
catalytic site. ... On the other hand, if Mg were the actual 
cofactor utilized, there may be enough metal ion present in mito-
chondria to saturate the binding sites wi thout ADP. 
Another factor should be considered in the evaluation of 
metal binding. .... ++ The Km values for Mg and Mn were obtained 
in the present study in experiments where isocitrate concentration 
was saturating. Hathaway and Atkinson (95) have found that the K 
m 
for metal ion in the case of yeast DPN-specific isocitric denydro-
genase increases with decreasing isocitrate concentraticn. In other 
words, the Km value for isocitrate was not independent of the 
concentrati on of metal ions, and vice ver sa. In the case of the 
-
beef heart en~e, the present Km values for isocitrate were all 
obtained in the presence of a large excess of Mn". It is possible 
that higher Km values for isocitrate would be found in the presence 
++ ++ 
of lower Mn concentrations, and that higher Km values for Mn 
.... 
or Mg would be found in the presence of lo-wer isoel trate concen-
trations. It is conceivable, then, that tha en~me may be even 
more dependent on ADP than the present data indicate. 
Several other enzymes have been found to be activated by 
nucleotides or phosphate esters. In SClJlE cases, it has been said 
that the enz.yme is absolutely dependent on the activator for 
activity, whereas in other cases the en~me has significant 
- 66 -
catalytic power without the activator. DPN-specific isocitric 
so.-id 
delWdrogenase can be" to have a spe cific and almost absolute 
requirement for ADP at low concentrati ons of i so citrate • At very 
high isocitrate concentrations, however, ADP stimulation might 
not even be detectable. Wmther the dependency of other enzymes 
on their activators has the same re1atimship to substrate concen-
tration is not certain, but there is at least one case in whi ch an 
apparently absolute dependency on an activator turned out to 1:2 
due to measurement of enzymic activity in tm presence of low 
stbstrate concentraticnsj namely too case of yeast DPN-linked 
isocitric dehydrogenase. Kornberg and Pricer (4) measured enzyme 
activity in the presence of 1.7 x 10-4 M threo-DsLs-isocitrate 
---
(equivalent to 8.3 x 10-5 M of the active isonsr) and found essen-
tially absolute reqUirement for 51-AMP. This concentration of 
isocitrate was sufficiently high to obtain maximum rates with 
the TPN-1inked isocitric dehydrogenase ~stem, which was known 
to have a very high affinity for substrate (K , 2.6 x 10-6 M for 
m 
the pig heart en~ (17». However, a recent preliminary communi-
cat ion by Atkinson and Hathaway. (69) reports that the DPN-linke d 
isocitric dehydrogenase of Kornberg and Pricer is not dependent 
-
on 5' -AMP when the substrate concentrati m is hi gher. In fact, 
the effect of 51 -AMP on this enzyme seems to be exactly analogous 
to the results found in the presant study for ADP and heart DPN-
linked isocitric dehydrogenase and reported in 1962 (69); i.e., to 
increase the apparent affinity for substrate. 
... 61 ... 
The activation of heart DPN-linked isocitric deqydroganase 
is, as shown abo~, catalytic in nature, since the nucleotide 
does not appear to be consumed in the enzynE-cata1yud reaction, 
and is comparable to certain otter cases of activation. ,'-AMP 
has long been know to be essential for the activity of phosphory-
lase b (97,98,,99). 2'-AMP has been fOllnd to stimulate bacterial 
P,yridine nucleotide transhydroganase (100). A heat stable, 
dialyzable factor was found to activate liver dephosphophosphory-
lase kinase (101)" and the factor was later identified as 3',,'-
qycllc...AMP (102). Activation of the kinase has in fact been DlBde 
the basis of a sensitive assay for this nucleotide (103). 3',,'-
qyclic-AMP also has been fOllnd to stimulate phosphorylase b kinase 
of muscle (104). This nucleotide was likewi se found to activate 
Fasciola hepatica phosphofructokinase and to decrease the Michaelis 
constant for fructose 6-phosphate (106). Cormier (106) has 
identified 3',,'-diphosphoadenosine as the cofactor in the luminescence 
reactim of tl:E sea pansy, Reni11e reniformis; but in this instance, 
the nucleotide may be reacting with 1uciferin to give a heat-labile 
intermediate. ,'",AMP activation of !. niger DPN-1inked isocitric 
deqydrogenase (30) has already been menti med. Beef liver glutamic 
dehydrogenase, which is affected by a number of nuc1e otides is 
markedly stimulated by ADP and also by ,'-AMP and adenosine to a 
lesser extent" when DPNH is used as coenz.yme (89). ADP also 
favors aggregation of subunits of the enzyme (89) and protects it 
from inhibition and disaggregation by steroids (107). On the other 
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hand GTP is inhibitory (108). It has been postulated that nuc1eo-
tide stimulation of glutamate deqydtogenase involves configura-
tiona1 changes Which also favor aggregation of catalytically 
active sUbunits (109,110). Muntz (111) discovered that dog brain 
,'-adenylic deaminase activity waS stimulated Py ATP. The 
purified deaminase was found to be completely dependent on 
catalytic amounts of ATP, which did not partake in any exchange 
reaction with ,I_AMP (112). Ox brain "-adenylic deaminBse was 
also stimulated qy ATP; but in contrast to the dog brain enz,yme, 
considerable activity was Pfesent in the absence of ATP (113). ATP 
has been shown to be a required cofactor for a ,'-AMP hydrolase of 
Azotobacter vine1andii (114). The enzyme splits ,I_AMP into 
adenine and ribose 5-phosphate, and eXperiments involving 
isotope-labelled nuc1eotides showed no interconversion between 
ATP and the compounds involved in the en~mic reaction. ATP waS 
replaceable Py adenosine tetraphosphate, pyrophosphate, and tri-
pyrophosphate, but not Py a number of ather nucleoside triphosphates. 
Nishimura et a1. (115) have found that aspartic acid ~-decarboxy1ase 
--
from £. perfringens contains tightly bound pyridoxal 51-phosphate 
and yet requires added pyridoxal 5'-pho~phate or an a-keto acid 
such as pyruvate for activation. Km for the activating B6 was 
found to be 0.9 x 10-5 M, and the co-factor could be dia~zed 
off readily; whereas enzyme -bound B6 could not be removed and had 
to be assayed microbiologically after destrqying the protein. DPN· 
apparently is required for certain partial reactions of glycera1de-
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hyde-3 ... phosphate dehydrogenase even though the nucleotide is 
not consumed (110). TPNH was found to be required for the de-
tritiation of a-ketoglutarate-~-T catalyzed by TPN-linked iso-
citric dehydrogenase (59). DPN+ is needed in catalytic amounts 
by the UDP Gal-4-epimerase of calf liver although there is no 
evidence to indicate the experience of oxidized intermediates 
in the reaction (111); the en~e had a Km of 2 x 10-1 M for 
+ DPN and DPNH was inhibitory. Gerhart and Pardee (118) have 
recently reported stimulation of the purified aspartate trans-
carba~lase of E __ s.ch.e.r_i.c.h.i.a £2li by ATP or dATPj the stimulation 
by these nuc1eotides under their standard assay condItions 
amounted to 80% and 62%, respectively_ ATP lowered Km for 
substrate, but it was not determined whether or not the enzyme 
would show apparent dependency on ATP at very low substrate 
levels. 
Aside from those instances already mentioned, other cases 
are known in which enzyme activation is accompanied by a decrease 
in K for substrate. ThUS, Glaser and Brown (119) found that 
m 
. the particulate chitin synthetase of Neurospora crassa was 
stimUlated by N-acety1g1ucosamine, resulting in a decrease in Km 
for UDP-N-acety1g1ucosamine. K+ activation of carbamy1phosphate 
.. 
synthetase also resulted in lower Michaelis constants for NH4 ' 
ATP, and acety1g1utamate (121). The activation of UDfG-g1ycogen 
transg1ucosy1ase by glucose 6-phosphate is due chiefly to a 
lowering of the K for UDPG (121-124). Glaser and Brown (125) 
m 
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.. found that Mg lowers the Km vallEs for glucose 6-pmsphate and 
TPN+ in the yeast glucose 6-phosphate dehydr ogenase system 
(tlZwischenferment tI). 
Thi s review of otter case s of enzyme st imulation suggests 
that the reduction of Km for substrate or coenzyme by an activator 
may be a more common phenomenon than pre vi ously reali :zed. It 
is clear that many of the cases of enzyme activation have not 




PURIFICATION OF DPN-UNKED ISOCITRIC 
DEHYDROOENASE OF BOVINE HEARl' 
During the course of the present studies on the DPN-linked 
isocitric dehydrogenase of bovine heart, several methods of 
purification were used. Plaut and Sung (5) gave procedures for 
preparation of beef heart mitochondrial acetone powder, as well 
as extraction and purification of the enz.yme by ammonium sulfate 
fracti onation and calcium phosphate gel treatment. These methods 
provide amounts of enzyme which are sufficient for most purpose s. 
However, in view of the interaction of the enzyme with nucleotides 
described in the preceding chapter, it was obvious that large 
amounts of highly purified protein were desirable in order to 
facilitate further studies on activation and inhibition. 
Plaut and Sung (5,,1) achieved a 40-50 fold purification of 
the initial phosphate buffer extract of beef heart mitochondrial 
acetone powder in a procedure involving treatment with calcium 
phosphate gel, ammonium sulfate fractionation, and precipitation 
chromatograpl'\Y on a starch-Celi te column. Their procedure involved 
only small amounts of enzyroo, and less than 1 mg of protein having 
a specific activity of 1410 units per mg, by the "old assay", 
- 71-
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was obtained. The specific activity would correspond to about 
2360 units per mg by the assay presently used, in which the reaction 
is run in the presence of ADP and at pH 7.2 (for en~e determina. 
tions, see Chapter II). The amount of protein obtained b,y Plaut 
and Sung was sufficient for experiments which e stabH shed the 
stoichiometry and the irreversibili ty of the enzymic reaction. 
However, it was note d that tm enzyme was hi ghly unstable, so 
that all purification procedures had to be performed in a single 
day. Thus, for all practical purposes, enzyme had to be purified 
daily for kinetic studies. 
The present studies on the purification of DPN-linked isocitric 
dehydrogenase were also hindered at first b,y the marked lability 
of the enzyme. Instabi 1i ty ha s also been noted in the corresponding 
enzymes of yeast and ~. niger (4,30). Instability, plus the fact 
that there is only a small amount of the DPN-linked en~me relative 
to the amount of TPm-specific en~me in most tissues, undoubtedly 
has discouraged other workers from investigating DPN ... linked isocitric 
dehydrogenase. However, methods have now been found for stabili-
zati on of the beef heart enzyme. Because these methods removed 
the pressure of time, it ws possible to develop improved puri-
fication procedures yielding relatively large amounts of enzymic 
activity. 
This chapter will describe various preparative procedures used 
in exploratory experiments as well as more detailed purifications 
used to yield enzyme for more exact measurements. Because the 
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detalled procedures have yielded very pure enzyme, it ha s been 
poasible to do ultracentrifugal analyses and to assign an 
approximate molecular weight of 3 or 4 x 10' to the enzyme. 
I. MATERIALS AND METHODS 
Reagents. Acetone was redisti 11ed prior to use. Aluminum 
hydroxide gel was prepared by the method of Dixon and Webb (126). 
Calcium phosphate gel was made according to Swingle and Tiselius 
(127). 2,3-dimercaptopropanol was obtained from Eastern Chemical 
Corp., Newark, N. J. Phosphocellulose as Cellex P (0.7 meq/gm) 
fran BioRad Laboratories, was distributed by California Corporation 
for Biochemical Research. All other reagents used were as described 
in Chapter II. 
Preparation 2! acetone powder. Fresh beef hearts were 
purchased from the Cudahy Packing Co., North Salt Lake City, 
Utah, and packed in ice within a half hour of the ki 11. After 
trimming the muscle of fat and ligamentous material, the hearts 
were cut into 1 inch cubes. At this point, the tiSSIES could be 
stored for at least 4 weeks at _1,0 for sUbsequent thawing and 
use, or could be utilized immediately. The muscle was homogenized 
in Waring blendors after suspending in a solution containing 0.2, M 
sucrose and 0.03 M K2HP04 in a ratio of 150 gm of muscle to 400 
ml of suspending medium. The homogenate was centrifuged in an 
International centrifuge, model PR-2, for 10 minutes at 600 x g, 
in a No. 276 head. The supernatant solutim was then freed of 
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floating fat particles by passage through a double layer of 
cheese cloth. Dilute acetic acid was added until U:e pH was 
reduced to 5.5. The solution was then centrifuged at 1800 x g 
for 20 minutes and the residue taken up in a small amcunt of 0.25 M 
sucrose and centrifuged for 30 minutes at 4000 rpm in a No. 845 
head. The m sidue was then mixed with 5 volumes of acetone at 
.100 in a Waring b1endor and the precipitate collected by centri· 
fugation. ne procedure was performed twice mom, and the residue 
was then dried in vacuo at room temperature. 3 kg of heart cUbes 
--
yielded about 30 gm of mitochondrial acetone powder. The powder 
was stom d in a freezer at _100 • 
Thi s procedure for making acetone powder is a sli gtt. modifi'!" 
cation of that of Plaut and Sung (5). Because acidification with 
acetic acid was extended to pH 5.5 ratisr than pH 5.8·5.9 (5), 
greater activity yie 1d was obtained although the crude extract of 
the resultant acetone powder had lower specific activity. 
II. RESULTS 
Methods ~ rapid Ereparaticn E! Eartial1~ purified enzyme. 
These methods differ fran those described by Plaut and Sung (5) 
mainly in tis use of 0.1 M potassium phosphate, pH 7.2, to extract 
the mitochondrial acetone powder, instead of 0.01 M potassium 
Jhosphate buffer, pH 6.5. For completeness, these methods are 
detailed as follows: 
A. 1 gm of acetone powder mixed with 20 ml of 0.10 M 
potassium phosphate buffer, pH 7.2, in a Potter-E1vehjem homogenizer. 
- 75 -
The mixture was centrifuged at 18,000 x g for 15 min. in an 
International PR-2 centrifuge equipped with a high speed attachment 
and a No. 296 head. The supernatant solutim was then fractionated 
by the slow additi on of saturated ammonium sulfate solution, md 
the material precipitating between 0.4 and 0.5 saturation was 
collected by centrifugation and dissolved in 5 ml of 0.01 M potassium 
phosphate buffer, pH 7.2. The specific activity of en~e thus 
prepared was about 50-100 units per mg. 
Although none of the quantitative data cited in this Thesis 
were obtained with enzyme which was this crude, these preparatims 
were useful in exploratory experiments involving inhibition and 
activation by nucleotides. 
B. Treatment with calcium phosphate gel resulted in more 
purified en~me solutions. 80 ml of extract of mitochondrial 
acetone powder were stirred with calcium phospb3te gel (2.2 mg 
of gel per mg of protein)" which adsorbs the enzyme quantitatively. 
The gel was collected by centrifugation and washed successively 
with 80 ml of 0.1 M potassium phosphate, pH 6.5, and 60 ml of 0.6 
saturated ammonium sulfate solution. The en2;Yme was then eluted 
from the gel with 30 ml of 0.) saturated ammonium sulfate solution. 
The concentration of ammonium sulfate was determined by a modifi-
cation of the Nessler method (60)" and the concentration was 
raised to 0.4 saturation by tte additi on of satarated ammonium sulfate 
solution. The precipitate was discarded. The en~1D3 was pre cipi-
tated by raising the saturation level to 0.5 by further addition 
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of saturated ammonium sulfate solution. The protein was collected 
by centrifugation and dissolved in 5 to 10 m1 of 0.01 M potassium 
phosphate buffer, pH 7.2. Enzyme thus prepared had a specifi c 
activity of 500 to 1000 units per mg and was useful for obtain-
ing data cited in some of the figures and tables of Chapter II as 
well as for the experiments of Chapter IV. ~ cific activities 
higher than 1000 were obtained only through more elaborate methods 
described below. 
Stability_ When the en2\Yl11e was suspended in a medium with 
an ionic strength of about 0.1 at a concentraticn of approximately 
5 mg/m1, it was noted that over half of the enzymic activity was 
lost within 24 hours. An example of this decay is depicted in 
Fig. 12 (bottom curve). It can be seen that under such conditions 
of a rapidly diminishing activityno effective purification scheme 
could be devised if it required more than a day or two to perform. 
After it was found that ADP exerted a stimulatory effect, ADP was 
tested for stabilization of the en2(fme. The results are shawn in 
Fig. 12. ADP did indeed stabilize the en~e, even in solutions 
of relatively low ionic strength. Although Fig. 12 shows that 
5 x 10-3 M ADP was more effective than 1.6 x 10-3 M ADP, the 
en~e used for this storage experiment was shown to contain 
adeny1ate kinase, which catalyzes the dismutation, 2ADP --a ATP+AMP. 
~ 
The actual amount of ADP which was present is, therefore, uncertain. 
In other experiments, it was shown that relatively crude preparations 
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Fig. 12. Activity of DPN-1inked isocitric de~drogenase as a function of time under various 





be stabilized by ATP. However, when ATP was incubated wi th the 
enzyme and the solution chranatographed on paper in the system 
of Krebs and Hems (63), a large spot corresponding to AUP was 
seen, a finding which indicated that ATPase activity was present. 
Thus, the actual stabilization might mve been due to ADP. A 
subsequent experiment apparently precluded stabilization by ATP: 
Whm highly purified enzyme (spe cifi c activity, 3200) which had 
no measurable ATPase activity was stored with ATP, no stabi li za-
ticn occurred. However .. this preparation was stabilized by ADP. 
Whether the same specificity for ADP which was found in kinetic 
experiments would be found for enzyme stabilizaticn is uncertain, 
since other nucleotides were not systematically tested for 
stabilizing ability. 
Certain en~me preparaticns purified with calcium phosphate 
gel absorption and elution (5) seemed remarkably stable. It 
seemed possible that this procedure removed an inactivator, such 
as a proteolytic enz,yme. However, this possibility was ruled out 
when small aliquots of crude enzyme were added to the gel-purified 
preparations, and the enzyme of the mixtures continued to be stable. 
It was then noted that the stable preparations were made by eluting 
the enzyme fran calcium phosphate gel with 0.3 saturated ammonium 
sulfate solut ion. The re sulting en~me solutim was actually 
about 0.28 saturated in ammonium sulfate. Subsequently, it was 
found that DPN-linked isocitric dehydrogenase was quite stable in 
0.2 to 0.3 saturated ammonium sulfate solutions and could be stored 
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thus for at least 4 weks with negli gib1e las s of activity (see 
Fig. 12). However, wmn the ammonium sulfate ooncentrati on of the 
solutions was brought to 0.4 saturation or higher, enzyme starts 
to precipitate and seems much less stable as tt.e suspended preci-
pitate. However, if the precipitated enzyme was centrifuged 
down and stored beneath 0.5 to 0.6 saturated ammonium sulfate 
solution, activity was again stabilized. 
Since the pre cipi tated enzyme was le 5S stable tben not 
centrifuged. down, it is p:>ssib1e that precipitation enhances 
sensitivity to oxidation and inactivation ~ dissolved air. In 
this regard, it has been noted that nitrogen purging of buffer 
solutions results in greater recovery of activity when enzyme has 
to be dialyzed for long periods of time. 
The en~me was not stabilized in dilute solution (ionic 
strength about 0.1) by Mg·+ (1.3 x 10-3 M), citrate or threo-DsLs-
isocitrate (1-2 x 10-3 M) with or without Mg··; nor by 2,3-di;;;: 
captopropano1 (3.3 x 10-3 M). No stabilization was afforded ~ 
0.2% (w/v) gelatin or 0.1% (w/v) bovine serum albumin. 
Choi ce .2! acetone powder. At one time, whole m art acetone 
powder seemed more convenient than mitochondrial acetone powder, 
was made, using pig heart, and the results summarized in Table IV. 
While the yield of activity from whole heart acetone powder was 
about 75% greater than from mitochondrial powder, the specific 
activity was at least ten times lowr. The re sults are quite 
Similar to those reported for guinea pig heart acetone powders (5),. 
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TABLE V 
YIELDS OF DPN=UNKE.D ISOCITRIC DEHY'DROOENASE 
FROM ACETONE PONDERS OF HEART 
Source of acetone powder Yield of 
powdera 
Mitochondria 12 
Whole heart 190 
Activityb Total C 
1600 19,200 
180 34,200 
aGms obtained from 1 kg of cUbed beef heart. 
bExpressed as units per gram of acetone powder. 





~xpressed as units per mg of protein in the extract, made by dis-
persing 1 gm of powder in 20 ml of 0.01 M KP04, pH 7.2 and discarding insoluble material. 
The acetone powder of beef heart mitochondria was made accord-
ing to Plaut and Sung (5). Whole heart acetone powder was made by 
homogenizing heart muscle with acetone in the proportion of 150 gm 
muscle to 450 ml acetone (18). The soli d residue was collected by 
centrifugation at _100 and rehomogenized twice more with the same 
volume of acetone. The residue was dried under vacuum. 
and again confirm that the enzyme is mitochondrial. The difference in 
yield can be explained mainly on the basis of the inevitable loss of 
mitochondria during the isolatim procedure. (However, it is not 
known if the enzyme occurs in the nucleus also.) Whole heart acetone 
powder was not employed for the preparation of the enzyme because 
the initial extracts had a rather low specific activity and the 
large amount of powder required extraction with, and handling of, 
large volumes of buffer. 
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Beef heart seemed to be a convenient source, although pig 
mart mitochon:irial acetone powder was equally active and probably 
would have served as well. 
Extracticn 2! acetone powder. The enzyme seemed most stable 
in dilute solutions at pH 7.0-7.2, so extraction of acetone powder 
was made with buffer adjusted to this pH range. The optimum 
molarity of the extraction buffer was investigated in terms of the 
yie ld and spe cifi c activity of the re sultant extract. 1m foUov-
ing results were obtained, when crude extract was prepared as in 
Table IV: 
Buffer used for extraction 
.................. _-_ .................................. 
0.01 M potassium phosphate, pH 7.0 
0.10 M potassium phosphate, pH 7.0 












0.10 M potassium phosphate buffer was routinely used for extraction 
of acetone powder because it yielded the largest amount of activity 
and a fairly good specific activity. 
Survey 2! Purifi cation Methods. Attempts to purify the DPN-
linked isocitric dehydrogenase were made employing a variety of 
methods which had been successful in other cases of protein 
purification. Same of these methods were capable of purifying the 
enzyme, but only tInse methods were ultimately adopted which resulted 
in high recovery of enzyme activity. Yield was especially important 
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because of the rea1tive1y low amount of enzyme pre sen t in ti SSI.1eS. 
Some of tm more promising procedures tried with this en~ me are 
as follows: 
1. Cati on exchange resins. A number of experiments in 
which CM-ce11u10se was added to dialyzed en~me solution in 0.01 M 
potassium phosphate buffer, pH 6.5, showed that tm enzyme was 
not adsorbed strongly to this resin. Since other prote ins seemed 
to be adsorbed under these conditions, en~me purificati on by 
removal of impurities with eM-cellulose appeared feasible. ~ 
passing suitably dialyzed protein solutions through 1.0 x 10 cm 
CM-ce11u10se columns in 0.01 M potassium phosphate buffer, pH 
6.5, it was possible to achieve up to 3.L-fo1d purification of 
the enzyme, WhiCh eluted in the initial protein peak. The procedure 
freed the en~me from the TPN-1inked isocitric dehydrogenase which 
is strongly adsorbed to CM-ce11u10se (59). Recovery of the DPN-
linked enzyme was about 80%. CM-ce11u10se chromatography was not 
used routinely for enzyme preparatioo, because DEAR-cellulose and 
hydroxylapatite chromatograptw were more effective. 
2. DEAE-ce11u10se. Batch-type experiments showed that 
DPN-1inked isocitric dehydrogenase adhered to DEAE-cel1u10se and 
could be quantitatively eluted with 0.2 M NaC1. Several small 
column (1.0 x 10 cm) experiments were performed in which resin 
was equilibrated with 0.005 M potassium phosphate buffer, pH 7.2. 
Enzyme was dialyzed free of ammoniUm sulfate by attaching both 
ends of a dialysis sack to a magnetic stirring bar and spinning 
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the sack rapidly in 500 volumes of buffer. Determinati 00 of 
ammonia showd that one hour of dialysis, wi th one buffer change 
at 30 minutes, was sufficient to lower the ammonium ion concen-
tration to below 0.01 M, a level sufficiently low to allow protein 
to adhere to DEAE-cellulose. stepwise washing of the column with 
0.025 M NaCl and 0.05 M NaCl, both in 0.005 M potassium phosphate 
buffer, pH 7.2, resulted in elution of considerable amounts of 
protein but no enzyme activity. Enzyme was eluted wi th the NaCl 
concentration was raised to 0.10 M. Since DaAE-cellulose chromato-
grapqy gave a high degree of purification and good recove~ of 
activity in these experiments, other columns were run in order to 
see whether the resin should be used in conjunction with a calci um 
phosphate gel step, or whether en~me should merely be fractionated 
with ammonium sulfate prior to DEAE-cellulose treatment. The 
results of such experiments are given in Table V. In Experiment 1 
of Table V, the crude extract was purified ~ ammonium sulfate 
fractionation, most of the enzyme ap}:2aring in the protein pre-
cipitating between 0.4 and 0.5 saturation (R.4_. 5). DEAE-cellulose 
chromatograp~ then produced a preparation with a specific activity 
of 2670, representing a purification of about 20-fold with respect 
to the material placed on the column. EX}:2riment 2 shows that 
DEAE-cellulose achieves only a 2.9-fold purification of protein 
which has been previously purified with calcium. phosphate gel 
adsorption and elution. The final specific activity resulting 
from Experiment 2 was 2860, so that DEAE-cellulose purification 
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TABLE V 
PURIFICATION OF DPN-LINKED ISOCITRIC 
DEHYDROOEN.ASE WITH DEAE-CELLULOSE COLUMNS 
Enzyme Total Protein Speci fi c 
Units (mg/ml) Activity 
~,uLmal 
Expt. 1: Crude extract 6000 2.) 53 
R.4 ... 5 ,after dialysi s 2400 6.2 130 
DEAE-cellulose 
column eluate I 
most active fraction 870 0.19 2670 
Expt. 2: Crude extract 6000 2.3 53 
Calcium phosphate 
ge l-purified 4000 2.0 1000 
mAE-cellulose column 
eluate: most active 
fraction 3000 1.1 2860 








did not seem to be faelli tated by inc1 usion of a prior ca lei um 
phosphate gel treatment step. In sUbsequent purifications, there-
fore, cs lci um phosphate ge 1 was not used. 
The small columns of DEAE-cellulose employed in experiments 
such as those of Table V resulted in 90-100% recoveries of en~me 
activity. When such columns were increased in size, however, the 
longer periods required for dialysis of larger amounts of protein 
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and for passing larger amollrits of so lutim' through tm collUlJIls 
resulted in lowr recovery of activity. The loss of enzyme activity 
was probably due to the instabi lity of the en2(fme in soluti ons of 
low i oni c strength. 
The llSe of larger columns of DEAE-ce llu10se is described 
below. 
3. Acetone fractionation. Since DPN-linked isocitric de~dro-
genase was active in acetone powders, it was expected that the 
enzyme should be stable during acetone fractionation of acetone 
powder extracts. Fractionation with 90% (v/v) acetone was 
~rformed with protein solutions immersed in an etl\Ylene glycol 
bath at _40 to _60• 50% to 70% of the enz.ymic activity was 
recovered with the protein which precipitated when the acetone 
concentration was raised from 37% to 5~% (v/v). However, although 
some purification was achieved, the results wre inconsistent. In 
addition, fractionation with acetone was inconvenient since the 
presence of acetone made simple spectrophotometric determination 
of protein impossible. 
4. Heating. Heating for 15 minutes at 500 causes complete 
inactivation of DPN-linked isocitric del\Ydrogenase if itis suspended 
in phosphate buffer, pH 7.2, at an ionic strength of 0.1. Under 
tl'lase conditions, enzyme activity is still completely lost in the 
presence of 6.7 x 10-4 M ADP, a concentration of the nucleotide 
which is in the optimal range for stimulati en of enz.ymi crate. 
However, when en2\Yme is ill ssolved in concentrated ammoni urn 
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sulfate solutions (0.3 to 0.4 saturated), heating at 500 may be 
carried out for periods up to 60 minutes without loss of activity. 
The optimal conditions for purification by tm use of heating were 
investigated with enzyme -..hich had been prepared from 20 ml of 
crude extract of mitochondrial acetone powder. The protein Which 
precipitated on addition of saturated ammonium sulfate between 0.4 
and 0.5 saturation was taken up in 10 ml of 0.3 saturated ammonium 
sulfate solution. A1iquots were heated at 500 for periods of time 
up to 45 minutes. Ratmr copious precipitation occurred within 5 
minutes. The solutions were rapidly cooled in an ice bath. The 
precipi tates were removed by centrifugati en and the enzyme 
assayed in the supernatants. It was found that a 2-fold increase 
in specific activity occurred after heating for 15 minutes; but 
longer periods of heating resulted in no further purification. 
When t he ammon i um sulfate con cent rati Q'l we s the n ra i 58 d toO. 35 
saturation, up to half of the remaining protein precipitated, 
leaving the enzymic activity in the supernatant. Heating appeared 
to be a particularly advantageous step in the purification of enzyme, 
because it was noted that a reproducible increase in enzymic 
activity occurred, amounting to 25-30%. Enzyme preparati ens whi ch 
had thus been heat-activated could not be furtmr activated by 
heat ing again at some subsequent time. Other experiments showed 
that activity was partially destrqyed by mating for 15 minutes 
at 55 ... 600 • Tmrefore, heating fer 15 to 20 minutes at 500 seemed 
to allow maximum purification with a reasonable safety margin as 
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regards temperature. 
5. ~droxy1apatite chromatography. ~droxy1apatite gel was 
prepared essentially according to Tise1ius et a1. (128). Since the 
--
enzyme could be purified by adsorption on the calc! um phosphate ge 1, 
it was no surprise that batch experiments with qydroxy1apatite 
revealed that the enzyme could be adsorbed quantitatively from 
0.01 M potassium phosphate buffer at pH 7.0 and eluted with 0.20 M 
potassium phosphate buffer at the same pH. Columns of hydroxyl-
apatite were then packed by gravity and found to purify the enzyme 
when protein was eluted by stepwise addition of increasingly concen-
trated phosphate buffer at pH 7.2. However, considerable difficulty 
was experienced in obtaining adequate flow rates with certain 
preparations of qydroxy1apatite, so that it was necessar.y to add 
a small amount of Cell te to the gel. It was also noted that di fferent 
preparations of hydroxylapatite varied with respect to the strength 
of adsorption of the enzyme to the gel, since certain batches of 
adsorbent allowed en~e elution with 0.2 M NaC1 whereas others 
retained the enzyme even with 1.0 M NaCl. 
When hydroxylapatite gel was prepared wi thout the use of 
magnetic stirring bars, however, it waS noted that the characteristics 
of the ge 1 were more uniform and that the flow rate was much increased. 
These observations confirm those of Levin (129), who noted that 
gentle stirring must be employed since the calcium phosphate crystals 
are rather fragile. With ge 1 pre:t=ered only with overhead me chani cal 
stirring, enzyme could be eluted with 0.2 M potassium phosphate 
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buffer at pH 7.2 but not by 1.0 M NaC1 or by 0.10 saturated ammonium 
sulfate soltt. ions. The fl ow rate resulting fran packing the ge 1 
by gravity generally was greater than desired, so that regulation 
of flow with a constant delive~ pump (Mini-pump, Milton Roy Co., 
Philadelphia) was employed. Details of hydroxylapatite chromato-
graphy are given below. 
General Procedure !2!. Enwme Purification. 
UAless otherwise stated all procedures were carried out at 
1. Extraction - Acetone powder (232 gm) was homogenized in 
a Waring blendor with 4000 ml of 0.10 M potassium phosphate buffer, 
pH 7.2. The homogenate was centrifuged at 1000 x g for 20 minutes, 
and the residue resuspended in an additional 1600 ml of buffer. 
After centrifugation, the supernatant solutions were combined. 
2. Ammonium sulfate fractionation and heat step - Solid 
ammoni um sulfate was added to the extra ct whi le the re acti on was 
maintained at pH 7.0-7.4 by addition of solid Ns 2OO3 (approximately 
0.1% of the weight of the ammonium sulfate added). The material 
precipitating between 30% and 50% saturation was mixed with 500 
ml of 30% saturated ammonium sulfate solution with a Potter-
Elvehjem homogenizer. The suspension was rapidly heated in a 
water bath and the temperature maintained at 500 for 15 minutes. 
The suspension was then rapidly cooled in an ice bath and centri-
fuged. The sediment was discarded. 
- 89 -
3. Ammonium sulfate fractionation - Saturated ammonium sulfate 
solution was added to the supernatant fluid fran step 2. The 
material precipitating between 35% and 45% saturation was collected 
b.Y centrifugation and stored after suspending in 60 m1 of 0.3 
saturated ammonium sulfate soluti on. 
4. Dialysis - Saturated ammonium sulfate (8.0 m1) was added 
to a 20 m1 aliquot of the enzyme suspension from step 3. The 
precipitate was collected by centrifugation and dissolved in 
27 m1 of 0.005 M potassium phosphate buffer, pH 7.2, containing 0.01 M 
ATP and dialyzed for two hours with high speed stIrring against 
2000 m1 of 0.005 M potassium phosphate buffer, pH 7.2, which had 
been purged with N2 previous~. The cloudy precipitate appearing 
in the protein suspension was removed by centrifugation. The 
ammonium ion content of the enzyme soluti en was usually found to 
be 0.03 to 0.04 M at this pOint. ~ slow addition of buffer, 
the· enzyme solution was diluted until the ammonium ion content was 
0.02 M. 
5. Chromatograp~ on DEAE-ce11u10se - Portions of the enzyme 
solution from step 4 were placed on four DKAE-ce1lu10se columns 
previously equilibrated against 0.005 M potassium phosphate buffer, 
pH 7.2. About 100 mg of protein was placed on each 2.2 x 12 cm 
column. A linear gradient was produced by means of a mixing 
chamber containing 150 m1 of 0.005 M potassium phosphate buffer, 
pH 7.2, and a reservoir containing 150 m1 of buffer plus 0.2 M NaC1. 
A uniform flow rate of 2.2 m1 per minute was maintained with a 
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Mini-pump. 15.0 m1 fractions were collected and the tubes with 
the highest specific activi~ were pooled. The results of a 
typical DEAE-ce11. column are shown in Fig. 13. An equal volume 
of saturated ammonium sulfate solution was added to the pooled 
fractions to precipitate the protein. Following centrifugation, 
the enzyme was stored as the precipitate beneath the supernatant 
solution. Prior to the next step, the probrln was dialyzed against 
buffer as in step 4, but without ATP in the dialysis buffer. 
6. ~roxy1apatite chromatography - The enzyme was applied 
to a 2.2 x 12 cm hydroxylapatite column previously eqUilibrated 
against 0.005 M potassium phosphate buffer, pH 7.2. It waS 
eluted from the column with a linear gradient system of potassium 
phosphate buffer, pH 7.2, produced with 150 m1 of 0.005 M buffer 
in the mixing Chamber and 150 m1 of 0.20 M buffer in the reservoir 
initially. Although the column had a flow rate of 2.2 m1 per 
minute with a pressure of 20 cm of water, the flow rate was main-
tained at 1.5 m1 per minute with a Mini-pump and 5.0 m1 fractions 
were collected. The fractions with the highest specific activities 
(3410 to 5520 units per mg of protein) were pooled and the protein 
was precipitated by adding saturated ammonium sulfate to give 0.6 
saturation. The protein was centrifuged down and stored in the 
centrifuge tube beneath the supernatant fluid. The enz.yme was 
dissolved and dialyzed for u1tracentrifuga1 analysis as described 















• • PROTEIN 
x- - - -}( ACTIVITY 
0.2 
~ 
/. IU () 
\\ I ..... ........ :J!: -, -.... 






O~----------~----------'-------~---r-----------r-----------T-o 10 20 TUBE NUMBER 30 40 





A summary of the purification procedure is given in Table VI. 
In this procedure, as noted in Table VI, heating in 0.)0 
saturated ammonium sulfate results in 29% more activity than 
present in the initial extract of mitochondrial acetone powder. 
The DEAE-ce11u10se chromatograpqy step represents a number of 
compromises. As noted above, small columns indicated the feasi-
bility of this resin far purification purposes. However, when 
larger columns were run, it became necessary to u~ rather fast 
flow rates in order to avoid exposing the enz,yme to low ionic 
strength solutions for long periods of time. Thus, four separate 
2.2 x 12 cm columns were used rather than a single larger column; 
and in addition, a rapid flow rate of 2.2 m1 per minute had to be 
emp1qyed although this is probably too fast for optimal ion 
exchange separation. These are factors explaining the 47% loss 
in activity in the DEAE-chromatography step, which also resulted 
in enz,yme with a specific activity of only 1070 units per mg although 
it had been shown that smaller DEAE-ce11ulose columns could produce 
enz,yme of greater purity. ~droxy1apatite chromatography, on the 
other hand, always resulted in higher activity recovery than DEAE-
cellulose chromatography; and it seemed that the enzyme was stable 
when adsorbed onto hydroxylapatite gel. Because of the disadvantages 
of DEAE-ce11ulose chromatography, an alternate procedure was developed 
in which this resin is replaced by a hwdroxy1apatite chromatography 
step emp1qying elution of protein with concentrated ammonium sulfate 
solutions. 
TABLE VI 
PURIFICATION OF DPN-UNKED ISOCITRIC DEHYDROOENASE FROM BOVINE HEART 
Step Vo11.lI11e Activity Total Activity Total Specii'i c Purifi cati on 
Activity Yield Protein Activi ty fold 
m1 units/m1 units % mg units/mg 
1. Crude extract 5,170 44 217,000 100 37,000 6.2 1 
2. Ammoni I.lII1 sulfate + 
heat treatment 525 528 277,200 128 3,680 75 12.5 
3. Ammonil.lIl1 sulfate \0 
fractionat ion 62 4,500 279,000 129 2,090 134 22 w 
I 
4. D' 1 . * la YS1S 37 2,280 84,800 100 405 200 32 
5. IE.AE-ce 11 u10se * 
chromatograpl"{y 14 3,200 45,080 53 42 1,070 173 
6. Hydroxy1apatiti 
chromatograpl"{y 1.7 19,500 33,200 39 7.4 4,500 727 
*Qne-third of the protein fran Step 3 was purified in steps 4 to 6. The activity yield has been 
adjusted for the change in amounts. 
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Alternate Purificati on Procedure. All the steps "Were the 
same as the '~nera 1 Procedure" above except that steps 4 and 5 
were replaced as follows. Saturated ammonium sulfate (8.0 ml) 
was added to a 20 ml aliquot of the enzyme suspension from step 3, 
above. The precipitate was collected by centrifugation and 
dissolved in 50 ml of 0.005 M potassium phosphate buffer, pH 7.2. 
The solution was placed directly on a 2.2 x 12 cm hydroxylapatite 
column without dialysis. The co lumn was washed in succe ssi on with 
50 ml of 0.005 M potassium phosphate buffer, pH 7.2; 100 ml of 
0.10 saturated ammonium sulfate solution; and 100 ml of 0.20 
saturated ammonium sulfate solution. Washing with 0.10 saturated 
ammonium sulfate solution caused elution of the colored proteins 
from the column, so that when en~me was eluted with 0.20 saturated 
solution, the eluate was colorless. A diagram of this procedure 
is shown in Fig. 14. The fractions with the highest specific 
activity (800 to 1100 units per mg) were pooled and purified as 
in step 6, above, by means of a second hydroxylapatite column 
procedure in Which protein elution was accomplished by increasing 
phosphate buffer concentration. 
The substitution of hydroxylapatite chromatography for DEAE-
cellulose purification has the advantage of eliminating a dialySis 
step and avoids the need to expose the en~e to low ionic strength 
so 1 uti ons. 
In the alternate procedure, the enz,yme, after purification 
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Fig. 14. Hydroxylapatite chromatograp~ of DPN-linked isocitric dehydrogenase. 
The dashed lines represent enz,ymic activity and the solid line indicates protein as determined 
by absorption at 280~. The data would be more correctly represented as a histogram; the points 
shown indicate protein and activity in the fractions collected after passage of the effluent volume 
indicated on the abscissa. 
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activity of about 4,000 as opposed to 4,500 obtained by including 
DEAE-ce11u1ose chromatography. The recovery of activity is 80 
to 90% compared to slightly over 50% for the DEAE-ce11u1ose 
step. 
Preliminary experiments indicate that further increase in 
yield may be Obtained by a slight modification of the second 
hydroxylapatite column procedure, as follows. After protein has 
been adsorbed onto the column, a gradient is produced for elution 
~ means of 150 m1 of 0.10 saturated ammonium sulfate in the 
mixing chamber and 150 m1 of 0.10 saturated ammonium sulfate 
solution containing 0.20 M potassium phosphate buffer, pH 7.2. 
The enzyme is, therefore, kept in solutions of high ionic strength 
throughout the entire purification procedure with the exception of 
the initial extraction of mitochondrial acetone powder. 
Ultracentrifugation £! Eurified enzyme4• The protein of step 
6 (Table VI) of the purification procedure was taken up in 1.0 m1 
of 1 x 10-4 M ADP and dialyzed for 60 minutes against 1000 m1 of 
0.10 M potassium phosphate buffer, pH 7.2, containing 1 x 10-5 M 
ADP. When centrifuged at 59,780 rpm in a Spinco model E u1tre-
centrifuge o at 20 , the sample showed one major (about 85%) and 
4The author is indebted to Mr. D. M. Brown for performing the 
u1tracentrifuga1 studies and consultation on the approximate mole-
cular weight of the protein. 
- 97 -
one minor (about 15%) component sedimenting at rates of 10.3 S 
and 4.6 S, respectively. The schlieren pattern is shown in Fig. 
15A. 
There were several cogent reasons for believing that the DPN-
linked isocitric dehydrogenase was associated with the major component 
(10.3 S): 1) After ultracentrifugation, the top third of the cell 
contents containing the component sedimenting at 4.6 S was drawn 
off with a syringe. Although much mixing occurred during this 
procedure, the fluid at the bottom of the cell had 83% of the 
activity and a specific activity 3 times higher than the fluid removed. 
2) In a separate experiment with Sephadex G-200 gel, a "molecular 
sieve" capable of holding proteins wi th molecular \Ie ights as high 
as 200,000, passage of the enzyme was essentially unretarded. In 
this experiment, a crude extract of mitochondrial acetone powder 
was placed on a 2.2 x 20 cm column, and it was obvious that most 
of the colored proteins, probably containing hemoglobin, were 
markedly retarded by the column, whereas DPN-1inked isocitric 
dehydrogenase activity came out with tm initial protein peak. 
Substances which, like the minor component of Fig. 15A, have a 
sedimentati on oonstant of 4.6 S would be abo ut the sarrE si ze as 
hemoglobin and woo 1d have been e luted frau the column rather 1a te. 
3) Ultracentrifugation was also performed on several other samples 
of purified enzyme. A sample prepare d by the alternate procedure 
described above, in which DEAE-ce11u10se chromatography is replaced 
by another hydroxylapatite column, had a specific activity of about 
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3200 and appeared on ultracentrifugation to contain a major 
component (10.3 S) and a minor component (6.2 S), as shown in 
Fig. 15B. The only component common to the samples of Figures 
15A and 15B, is that sedimenting at 10.3 S. Under these condi-
tions of ultracentrifugation, three oUlar samples (total of five 
samples) with high enzyme activity exhibited the 10.3 S component. 
4) If the major component of 10.3 S represents the enzyme, a 
til[' nover number can be calculated on the basi s of a spedfi c 
activity of 5520 units per mg and a molecular weight of 300,000 
(see below). The calculated turnover number of 8000 moles of 
DPNH formed per minute per mole of enzyme is a reasonable one, 
and is over twice the turnover number for the"PN-linked iso-
citric dehydrogenase of heart: 3,500 moles of TPNH formed per 
minute per mole of en~me (18). If either the small 4.6 S or 6.2 S 
components of Figs. 15 A and 15. B were the enzyme, the turnover 
number would be extremely high and would be much greater than the 
cata~ic rate of most deqydrogenases. 
Molecular weight. The sedimentation coefficient of 10.3 S 
suggests that the enzyme is a large molecule. Since not enough 
protein was present to do diffusion studies, the molecular -weight 
can only be guessed at. By comparison with the sedimentation 
constants of better characterized proteins, the 10.3 S constant 
of DPN-1inked isocitric denydrogenase leads to a very rough estimate 
of 300,000 to 400,000 for the molecular weight. 
A  
B  
F i g .  1 5 .  S c h l i e r e n  p a t t e r n s  o f  u l t r a c e n t r i f u g a l  a n a l y s e s  o f  
e n z y m e  p r e p a r a t i o n s .  
P a r t  A :  T h e  en~me w a s  J X '  e p a r e d  a c c o r d i n g  t o  t h e  " G e n e r a l  
P r o c e d u r e "  a s  d e s c r i b e d  i n  t h e  t e x t .  S p e c i f i c  a c t i v i t y ,  4 5 0 0  
u n i t s / m g .  P a r t  B :  T h e  e n z y m e  w a s  p r e p a r e d  a c c o r d i n g  t o  t h e  
" A l t e r n a t e  P r o c e d u r e
l l  
a s  d e s c r i b e d  i n  t h e  t e x t .  S p e c i f i c  a c t i v i t y ,  
3 2 0 0  u n i  t ' s / m g .  
I n  b o t h  A  a n d  B ,  t h e  d i r e c t i o n  o f  s e d i m e n t a t i o n  i s  f r o m  l e f t  
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III. DISCUSSION 
The pivotal finding reported in this chapter was the stabili-
zation of tha DPN-linked isocitric dehydrogenase ~ concentrated 
ammonium sulfate solutions. Without a practical method for storing 
this enz,yme, purification, and other studies could not have been 
performed. It wi 11 be of interest to see whether other DPN-
linked isocitric dehydrogenases from other sources such as yeast 
or ~. niger (4,30) are also stabilized ~ solutions of high ionic 
strength. 
Plaut and Sung (5) reported previously that their purifica-
tion procedure resulted in a preparation with a specific activity 
of 1410 units per mg. The pre sent preparati on (the "general 
procedure t') resulted in a specific activity of 5520 in the most 
active fraction obtained on hydroxylapatite chromatography, although 
the pooled fractions had a specific activity of only 4500. The 
purification is only about 2-fold greater than that obtained ~ 
Plaut and Sung (5), since, in the present work, an improved 
assay method was used which yielded 67% more apparent activity 
than the old assay method. This estimate of the molecular weight 
for the DPN-linked enzyme is based merely on comparison of tha 
sedimentation constant (S20) of 10.3 S with the sedimentation con-
w 
stants of proteins whose molecular weights have been determined 
more accurately4. The small amount of protein available in the 
present stud! es precluded stUdies to determine the diffusi on constant 
or to examine the electrophoretic behavior of the enzyme. No 
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information is thus available at present on factors such as the 
shape, degree of hydration of the enzYme molecule, or its partial 
specific volume. 
There is no evidence that there is any flavin attached to the 
protein. The purified enzyme appears to be colorless, and separate 
experiments have shown no inhibition of the enzyme by atabrine. 
Furthermore, no stimUlation by riboflavin, FAD, or riboflavin 
5'-phosphate.occurs. 
It is not possible to explain the heat activation of the 
enzyme. The per cent increase in activity on heating in 30% 
ammonium sulfate solution is quite reproducibly in the range of 
25-30%. One could speculate that heat treatment allows dissociation 
of some inhibitory substance which cannot recombine with the enzyme 
in solutions high in ammonium sulfate concentration. Alternatively, 
ammonium sulfate itself may be the activating agent, which cannot 
reach the activating site on the protein except after the molecule 
has been thermally agitated. Activation by ammonium sulfate has 
recently been noted for pig heart malic dehydrogenase (130). 
With regard to stability, the DPN-linked isocitric dehydrogenase 
of heart is somewhat similar to the enz,yme carbamylphosphate 
synthetase. Metzenberg et al. (131) found that the carbanwl 
--
phosphate synthetases of dog and beef liver had a half life of 
·0 
only 1 hour at 0 in dilute buffers, at pH 7.4, but yere stable 
in concentrated ammonium sulfate and when adsorbed on qydroxylapatite 
co1wnns. The stabilization by ammonium sulfate was further investi-
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gated ~ Ravel et al. (132) who showed that it was the sulfate ion 
--
which afforded stabilization, since sodium and potassium sulfate 
were equal~ effective whereas ammonium carbonate or phosphate 
was not. These workers also found that the en?!yme,wh1ch 
had been inactivated ~ dialysis against dilute buffer or by 
exposure to heat, could be reactivated to some extent by sulfate. 
In the case of DPN-linked isocitric de~drogenase, heat 
inactivation has not been reversed ~ ammonium sulfate, although 
prevention of heat inactivation has been recorded. Prevention of 
heat inactivation ~ ADP has not been shown in a limited number 
of experiments, however. Although substrates am cofactors may 
either enhance or decrease enz,yme stability (133), DPN-linked 
isocitric dehydrogenase stability does not seem to be influenced 
'h" DPN+, D~TU i . t t Mn++ U •• WJ .~n, SOC1 ra e, , or ng • 
The estimated molecular weight of 300,000 to 400,000 places 
DPN-specific isocitric dehydrogenase in the same size category 
as other large mitochondrial en~mes. In the citric acid cycle, 
succinic de~drogenase has a molecular weight of about 200,000 
(134); a-ketoglutaric dehydrogenase isolated from JDrcine heart 
is a complex with a molecular weight of some 2 x 106 (135); 
fumarase has a molecular weight of 220,000 (136). However, malic 
de~drogenase appears to be quite small, although there are apparently 
several forms of the enzyme (137). Molecular weights have ranged 
from 20,000 to 65,000 for malic dehydrogenase. Condensing enzyme 
likewise is small, having a molecular weight of 56,000 (138). 
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Both beef liver glutamic del1Ydrogenase (139) and pigeon breast 
muscle p'yruvic oxidase (140) yield products Which can enter the 
citric acid cycle and are large protein complexes with molecular 
weights of 1 x 106 and 4 x 106, respectively. 
It is conceivable that DPN-1inked isocitric del1Ydrogenase may 
be smaller than 300,000, since there are certain proteins whose 
molecular weights are smaller than this and have higher sedimenta-
tion coefficients than 10.3 S. Thus, glutamic dehydrogenase, 
said to have a molecular weight of 1,000,000 (139), breaks up 
under certain conditions into subunits having a ]resumed molecular 
weight of 250,000. The sedimentation coefficient of the subunits 
appears to be about 12 S (89). On the other hand, light scattering 
data suggest that glutami c dehydrogenase actually ms a mole cu1ar 
weight as high as 1.3 x 106 (141). Light scattering data also 
yields a higher molecular weight for succinic dehydrogenase than 
do sedimentation-diffusion studies (142). It seems possible that 
these enzymes, which pre sumab1y cm1d have been ti ght1y associated 
with the lipid-rich mitochondrial membrane, may still be associated 
with lipid, thereby having hir;ber partial specifi c volumes than 
those assumed far purposes of calCUlations of molecular weight 
from sedimentation data. U1tracentrifuga1 data would yield 
molecular weights which are too low. Since the same possibility 
exists for the DPN-1inked isocitric dehydrogenase, it seems wisest 
at the present time to estimate the molecular weight to be in the 
range of 3 to 4 x 105• 
CHAPTER IV 
STUDIES ON THE HYDROGEN TRANSFER 
MEDIATED BY DPN-LINKED ISOCITRIC IEHYDROGENASE 
Good evidence exists that the DPN- and TPN-1inked isocitric 
dehydrogenases of heart must differ in some fundamental aspects of 
the cata1yti c mechanism, because the latter enzytlE can use oxa10-
succinate as substrate whereas the former cannot. Furtm rmore, 
the TPN-specific enz,yme catalyzes the synthesis of isocitrate from 
a-ketoglutarate and CO2, whereas the DPN-1inked isocitric dehydro-
genase reaction apparently cannot be reversed (5). 
Studies on the mechanism of action of the TPN-1inked en~me 
have be en p:: rformed by other workers, who have obta ined interesting 
results in experiments employing hydrogen and carbon isotopes as 
labels. Thus, Eng1ard and Co10wick (143) oxidized isocitrate 
with the porcine heart TPN-1inked isocitric dehydrogenase system 
in D20, isolated the reduced TPN produced, and found that the nucleo-
tide contained no deuterium. This exp::riment indicated tmt the 
hydrogen transfer was a direct one from substrate to coenz,yme, 
without possibility of exchange of hydrogen atoms with the medium. 
These workers also incubated citrate with aconitase in D20 to 
produce labeled isocitrate, which was then oxidized by the TPN-
specific isocitric dehydrogenase to yield unlabeled TPNH. This 
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exper iment showed that it must be the 0.- and not the f3-lw'drogen of 
isocitrate Which is attacked Py the 'PM-linked isocitric dehydro-
genase. Eng1ard (144) has confirmed these results in experiments 
in Which labeled isocitrate was produced with aconitase, and H20, 
rather than unlabeled citrate, aconitase, plus D20. Recently, 
the TPM-1inked isocitric dehydrogenase has been found to be speci-
fic for the a-side of the nicotinamide ring (145). This was the 
first TPM-1inked enz,yme for which such studies of pyridine 
nuc1e ot ide stere o-spe cifi ci ty -were done. 
Siebert et a1. (19), using C14 as label, found that oxa1o-
--
succinate, although it could be used as substrate Py TPm-1inked 
isocitric dehydrogenase, was not likely to be an obligatory free 
intermediate in the overall reaction. Thus, only minute amounts 
of radioactivIty were incorporated into an oxalosuccinate pool, 
14 ,., 1k 
either from C -labeled isocitrate and TPM , or from C -02 and 
a-ketoglutarate plus TPNH. 
Since no analogous data had ~en obtained for the DPN-specific 
isocitric dehydrogenase, studies on the hydrogen transfer mediated 
Py the en~me were undertaken. It was of particular interest to 
determine whether it was the a- or f3-hydrogen of isocitrate which 
was transferred in the DPN-specific reaction, and whether this trans-
fer was direct and stereospecific. If the enz,yme contained flavin, 
as do other large enzymes related to the Krebs cycle; I.e., succini (] 
dehydrogenase (1)4) and a-ketoglutaric dehydrogenase (140), it was 
possible that the hydrogen transfer would not be direct. Studies 
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were also performed to test the possibility that the DPN-1inked 
en~me 1abi1ized a hydrogen of isocitrate to cause an exchange 
with the hydrogen of the rmdiwn. 
The results of the present studies which employed tritium as 
1abe1~ indicate that the transfer of hydrogen from substrate 
... to DPN is a direct one, involves the same hydrogen of threo-D -
s 
isocitrate as that involved in the TPN-1inked reaction, and that 
the hydrogen is transferred to the a-side of DPN·. Evidence has 
also been obtained that the enol form of oxa10succinate is not an 
-
intermediate in either isocitric dehydrogenase reaction, since 
in both reactions, the ~-hydrogen of isocitrate appears to be 
retained in the a-ketoglutarate produced. 
I • MATERIALS AND METHODS 
DPN-1inked isocitric dehydrogenase with a specific activity 
of 800-1000 units/mg was prepared by calcium phosphate gel adsorp-
tion and elution as described in Chapter III, and stabilized with 
1 x 10-4 M ADP. The en~me solution employed was also 30% 
saturated with respect to ammonium sulfate. 
TPN-1inked isocitric dehydrogenase was prepared as described 
in Chapter II. 
Tritiated water, 100 mc/m1, was obtained from New England 
Nuclear Corp. and disti lled before use. 
Norit A (acid washed) from Pfanstieh1 Laboratories, Inc., 
was washed with EDTA at pH 6.2 for 48 hours before use. (In 
- 107 -
... the separation of DPN from glutamate, thB latter was adsorbed to 
Norit A unless the charcoal had been washed with ROTA.) 
C~stalline liver b-glutamic dehydrogenase (ammonium sulfate 
suspension), c~stalline rabbit muscle lactic dehydrogenase :(Type 
I), and yeast glucose 6-phosphate dehydrogenase (Type V) were 
purchased from the Sigma Chemical Co. A unit of glucose 6-phosphate 
... dehydngenase reduces 1.0 ~ole of TPN per minute under standard 
ass~ conditions (54). 
Crystalline lithium lactate, ~nthesized by the method of 
Hil1ig (146), was a gift of Dr. G. W. E. Plaut. Sodium p,yruvate 
was obtained from Nutritional Bicchemica1s, Inc. The barium salt 
of oxa10succini c aCid, synthB sized according to Ochoa (147), was 
a gift of Dr.". 'N. E. Plaut. The reagent had been stored at _100 
for five years. Oxalosuccinate was obtained as the barium-free 
solution by treatment with K2S04 and was ass~ed manometrically 
in a Warburg respirometer by the aniline citrate decarboxylation 
method of Edson (148). The barium oxalosuccinate was 40% pure as 
judged by weight and the manometric data, whereas it had originally 
been ass~ed as 70% pure. Presumably, some of the acid had spon-
taneously decarboxylated to a-ketoglutaric acid. 
Silica gel (Merck) columns were prepared according to Brummond 
and Burris (149). 
All other reagents used were the same as those described in 
previous chapters. 
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The method of preparing TPNT5 was a modification of that 
used Py PopJak ~!!. (151). To 0.)0 ml of T20 containing 52 mc/m! 
were added ).9 mg of NaHeO), 5.05 mg of TPN+ (6.0 ~oles), and ).60 
mg of Na28204. The mixture stood at 250 for 45 minutes and then 
was lyophili2ed in a closed system, so as to recover the tritiated 
water quantitatively. The residue was taken up in 0.4 ml of water 
and the nucleotide was precipitated with 12 ml of redistilled 
acetone at _150 • After 45 minutes, the TPNT was centrifuged down, 
taken up with 10 ml of 0.01 M NaHCO), and placed on an 0.5 cm x 5.5 
cm water-washed DEAE-cellulose column (72). The column was washed 
with )0 ml of 0.005 M potassium phosphate buffer, pH 7.2. Unreacted 
nne leotide was e luted with 10 ml of 0.10 M NaCl in the same buffer, 
and TPNT was eluted with 0.25 M NaCl in buffer. The yie1d of TPNT 
was 60-75%, and contained 19,000 cpm/~ole. (Although the principal 
purpose of the DEAE-cellulose column was to separate unreacted 
+ • TPN from TPNT, separate experiments showed that any 82°4 present 
would be e luted ahead of TPNH. In these separate expe ri ments 
82°4= was determined iodometrically (152». 
5Abbreviations: TPN(T)+ and DPN(T)+ represent oxidized farms 
of the nucleotides with tritium in the E!~~ position of thp. nicotin-
amide ring. TPNT and OPNT are tile-corresponaing re ... ' 
duced nucleotides,. The ,prefixes a- and j.i-, refer to the side of 
the nicotinamide ring to which tritium is attached, taking a-DPNT 
as the form which would lose its tritium atan to acetaldehyde in 











Glucose 6-phosphate and glucose 6-phosphate dehydrogenase ~re also 
+ present to recycle the TPm(T) and shift the equilibrium towards 
isocitrate production (153). In a test tube ~re placed 2.0 ml 
of 2.0 M Tris acetate buffer, pH 7.5, 8.0 ~oles of MnS04, 6.0 
~oles of TPNT, 60 ~oles of a-ketoglutarate, 40 ~oles of glucose 
6-phosphate, 4.0 ml of 0.10 M NaHC03 saturated with CO2, and 400 
units of TPm-specific isocitric dehydrogenase; final volume, 13.2 
mI. The mixture was incubated for 45 mintlli es at 250 • Then 2.4 
units of glucose 6-phosphate dehydrogenase were added, and the 
reaction allowed to continue 15 minutes mote. The contents ~re 
cooled to 2°, and 7.0 ml of 2% (w/v) NaHS0 3 were added, followed 
in 5 minutes by 1.9ml of corv::entrated H2S)4 and 14.4 gm of MgS04.7H20. 
The slightly turbid solution was extracted continuously with ether 
for 3 days according to Wood ::l!l. (154). The ether layer was 
evaporated to dryness, taken up in 4.0 ml of water, and kept at 
pH 9.0 with KOH while heating at 900 for 10 minutes. After cooling, 
the solution was neutrali2ed with HCl, diluted to 50 ml and applied 
to a water-washed 1.0 cm x 10 em DEAE-cellulose column. Linear 
gradient elution was employed, with 100 ml of water in the mixing 
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chamber and 100 ml of 0.20 M NaCl in 0.005 M potassium phosphate 
buffer at pH 7.2 in the reservoir, initially. The purified tri-
tiated isocitrate appeared between 80 and 100 ml of effluent. To 
concentrate the isocitrate, tJ:e pooled fractioos were diluted 
and put onto an 0.3 x 3.0 cm DEAE-cellulose column. The iso-
citrate was then eluted with 0.3 M NaCl. Isocitrate was ass~ed 
enzymically with TPN-specific isocitric de~rogenaseJ and it was 
found that 4.87 ~oles of isocitrate were recovered with 6250 
cpm/~ole. When stored at pH 6.0 in the frozen state, isocitrate 
lost negligible amounts of radioactivi~ into water within 4 
weeks. 
a-Ketoglutarate was determined as the 2,4-dinitrophenyl-
hydrazone according to the method of Koepsell and Sharpe (155). 
Lactate was assayed by a color reaction involving CuS04 and 
~-hydroxydiphenyl according to Barker and Summerson (156). 
Glutamate was determined by tJ:e ninhydrin method (61). Snell 
amounts of DPN+ (less than 0.1 ~ole), were assayed by a modi-
fication of the method of lePage (157), which is suitable only for 
larger amounts of nucleotide. The modified method is as follows: 
,. 
The DPN solution is made up to a final volume of 3.0 m1 in a 
cuvette of 1.0 em light path. 7.0 mg of NaHCOJ are added and the 
solution mixed. After 6.0 mg of Na2S204 are added, the solution is 
allowed to stand for 20 minutes. Then 18.8 mg each of Ns 2C03 and 
NaHC03 are added. The solution is gently aerated for 15 minutes 
and the DPNH content determined from the optical density at 340 ~. 
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Radioactivity was determined in a Packard scintillation 
counter6 using the ternary system water:ethanol:toluene in the 
proportion 1:14:35. All coWlts were corrected for backgroWld. 
Counting time was at least 5 minutes, so that the standard error 
in counting 'was + 3% or less. 
-
RS:SULTS AND DISCUSSION 
In designing the synthesis of isocitrate labeled with tritium 
in the a-position, it was preferable to avoid a chemical synthesis, 
since isocitric acid has two centers of asymmetry and four possible 




configuration (11,12,13). Englard and Colowick1s experiments (143) 
suggested that an en~ic synthesis of isocitrate with liNT and 
the TPN-1inked isocitric dehydrogenase was feasible, so that on~ 
threo-DS-isocitrate-a-T would be produced. In the present experi-
ments, the use of tritium as label, rather than deuterium as 
in most of Vennes1and 1s studies on coenzyme stereospecificity, 
allowed the use of quite small amounts of materia 1. The extent 
of the reductive carb~lation of a-ketoglutarate was enhanced 
Py driving the reaction with the glucose 6-phosphate dehydrogenase 
system, Which served to regenerate TPBH. Although the §Becific 
radioactivity of the isocitrate produced is diminished Py production 
6The able instruction of Dr. Hans Rilling in the use of the 
scinti llati on ro unter is gratefully acknowledged. 
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of more unlabeled TPNH, the total label introduced into isocitrate 
should be increased for the following reasons: Since randomly 
labeled TPNT was emplqyed in the enz,ymic synthesis, reduction of 
... 
a-ketoglutarate leads to labeled isocitrate plus TPN(T). When 
+ TPN(T) is reduced by glucose-6-phosphate dehydrogenase, a ~-
specifi c enzyme (158), a-TOO is produced. Thi s in turn would 
... give labeled isocitrate and unlabeled TPN through the action of 
TPN-linked isocitric dehydrogenase, an enzyme with a-specificity 
(145). Thus, label from ~ sides of the randomly labeled 
nicotinamide ring of TPNT finds its w~ into isocitrate. Details 
of the synthesis are given under ;.;;Ma;;.t;;.;e;.;r;.;;i;.;;;B.;.l;;.S ~ Methods. 
Once threo-Ds-isocitrate-a-T had been produced, a direct 
---
transfer of the tritium to DPN+ by DPN-specific isocitric dehydro-
genase could be demonstrated. Experiment 1 of Table VII shows that 
the specific radioactivity of the original isocitrate and the DPNT 
isolated from DEAE-cellu10se are about the same. Of the total 
radioactivity in isocitrate, the ~covery in DPNT was about 75%, 
not inconsistent with tm loss of DPNT during the chromato-
graphic isolation and washing procedures. It, therefore, seemed 
unlikely that any extensive loss of tritium into the medium could 
have occurred. However, in this experiment the hydrogen acceptor, 
DPN+ is present in excess; and it seemed possible that the enz,yme 
might catalyze a relatively slow exchange of the tritium of iso-
citrate with water when DPN+ was absent. In T2b1e VIII are the 
results of experiments testing this possibility. In view of the 
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TABLE VII 
TRANSFER OF LABEL FRCM ISOCITRATE-a-T TO OPN+ 
Experiment 1: Isoci trate-a-T ... DPN" --+ OPNT ... H" ... a-ketoglutarate ... CO2 
COmpound HMoles total gpm cpm/Hmole 
Initial isocitrate 2.00 
Isocitrate consumed 1.81 
Recovered reduced OPN 1.45 
Ex~riment 22 
It . 
OM .. H .. pyruvate 
Compound H!'!oles 
Initial OPNT 
(from experiment 1) 0.116 
Recovered lactate 0.107 







,+ ) labe led la ctate ... OPN 




Experiment 3: OPNT + H· • a-ketoglutarate ... NH3 _ ...... ) glutamate ... DPN(T)" 
Compound 
Initial OM 
(from experiment 1) 
Recovered glutamate 
Recovered oxidized DPN 












TABLE VII, continued. 
Experiment 1: The following mixture was incubated at 250 for 
74 minutes: 0.05 m1 of 2.0 M Tris acetate buffer~ pH 705, 400 
~oles of MnC12, 2.03 ~oles of labeled isocitrate, 10.0 ~oles 
of D~, 2.0 ~mo1es of ADP, and DPN-1inked isocitric dehydrogenase 
(40 units); final volume, 3.0 m1. According to the change in 
optical density at 340~, 89% of the isocitrate was oxidized in 
this time. The mixture was then heated at 900 for 1 minute, diluted 
with water to 50 m1, and passed through a 1 cm x 8 em cellulose 
column which had been equilibrated with 0.005 M potassium phosphate 
buffer, pH 7.2. Linear gradient elution was produced with 150 m1 
of buffer in the mixing chamber and 150 m1 of buffer.p1us 0.20 M 
NaC1 in the reservoir. The order of elution was DPN , a-ketoglutarate, 
DPNH, and isocitrate. With a flow rate of 1.0 m1/minute, collections 
of 5 m1 per tUbe yielded only sight overlap between DPNH and any 
isocitrate which was still unoxidized. The DPNH-containing fractions 
were pooled, diluted, and rechromatographed on an 0.5 cm x 5.5 cm 
DEAE-ce11u1ose column using similar gradient conditions in order 
to concentrate the nucleotide and free it from the remaining i50ci-
trate. 
Experiment 2: An a 1i quot of DPNT produced in Experiment 1 was 
oxidized as follows: In a cuvette were placed 0.05 m1 of 2.0 M 
Tris acetate buffer, pH 7.5, 0.80 ~ole of sodium pyruvate, 0.12 
~mo1e of DM, and 0.01 mg of 1acti'c dehydrogenase; final volume, 
3.0 m1. By observation at 340 ~, it waS determined that 0.118 ~ole 
of DPNT was oxidized within 15 seconds. The soluti en was then 
heated for 1.5 minutes at 900 and cooled to room temperature. 7 rng 
of Norit A were added and the mixture stirred for 20 minutes. The 
charcoal was filtered off on a layer of Ce1ite in a Buchner funnel. 
The Norit-Ce1ite mixture was stirred with 3.0 m1 of 10% isoamyl 
alcohol for 20 minutes (162). The filtrate of this mixt UTe was 
extracted with ether and the aqueous layer taken to dryness under 
reduced pressure. The residue was taken up with water in a final 
volume of 6.5 m1. 3.0 m1 was used for radioactivity determina~ion, 
and another 3.0 rn1 was placed in a cuvette and assayed for DPN • 
The filtrate left after Norit treatment was.assayed for lactate 
and counted. The filtrate had no detectable DPN ; conversely, 
control experiments showed no lactate in the eluate from Norit after 
ether extraction. 
Experiment 3: Another aliquot of DM from Experiment 1 was 
oxidized as follows: in a cuvette were placed 0.05 m1 of 2.0 M 
Tris acetate buffer, pH 7.5, 94 ~oles of a-ketoglutarate, 15 ~oles 
of NHJ,C1, 0.11 ~oles of DPNT, and 1.0 mg of glutamic dehydrogenase in ammonium sulfate suspension; final volume 3.0. After 15 minutes, 
essentially complete oxidation of DPNT had occurred. The separation 
of glutamate from DPN was accomplished as in experiment 2. After 
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TABLE VII, continued. 
alkalinizing the filtrate with saturated K2~i ammonia was removed 
by aeration, and the glutama~e determin~d. l~e filtrate contained 
less than 0.004 ~ole of DPN. The DPN was eluted from Norit with 
10% isoamwl alcohol as in experiment 2, except that a contact 
tim~ of 4 hours was used resulting in a much higher recovery of 
DPN • 
aCalculated. 
fact that the very small number of counts in the water in experiments 
1 and 3 are about the same as that obtained without en~me, no 
enzymic labilization seems to occur. This was confirmed in 
experiment 4, where en~ic incorporation of tritium fram T20 
into isocitrate could not be demonstrated. 
Since TPN-linked isocitric dehydrogenase has been shown to be 
specific for the a-side of Tm· (145), it was of interest to investi-
... gate and compare the stereospecifici~ far DPN of the DPN-linked 
enzyme. This was done by subjecting the DfNT recovered from 
experiment 1 of Table VII to oxidation by muscle lactic dehydrogenase 
and liver glutamic dehydrogenase (experiments 2 and 3 of Table VII). 
In experiment 2, excellent agreement was obtained between the 
specific radioactivities of the initial DPNT and the lactate which 
was produced by reduction of p,yruvate, and the recovery of radio-
activity in lactate was 94%. Since lactic dehydrogenase is 
a-specific (159), the fact that all the radioactivity appears in 
lactate rather than in DPN+ shows that DPN-linked isocitric dehydro-
genase must have a-specificity. This conclusion was confirmed by 
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TABLE VIII 
STIJDY OF THE EXCHANGE REACTION BETWEEN ISCCITRATE AND WATER 
Content of Radioactivitya E:xperiment Incubati on Mixture 
Water Isocitrate Present 




1 .... Enzyme, Mn , labe Ie d 
isocitrate 26 280 
2 Same as 1, but no enzyme 33 280 
3 Same as 1, plus DPNH 25 280 
4 ++ 
4.0 x 10" 
Enzyme, Mn , unlabeled 
isocitrate, T20 0 
Experiment 1: The following mixture was incubated at 250 for 60 
minutes: 0.05 ml of 2.0 M Tris acetate buffer, pH 7.5, 4.0 ~oles of MnC12, 0.2 ~oles of tritiated isocitrate with 1400 cpm/~ole, 0.2 ~ole of ADP 
and 40 units of DPN-specific isocitric dehydrogenase. Final volume, 0.34 
mI. Afterwards, the reaction mixture was lyophi lized, and the water 
counted. The residue could not be counted dire ctly because the large amount 
of solutes resulted in phase separation in the counting vials. 
Experiment 2: Same as experiment 1 except that no DPN-specific iso-
citric dehydrogenase was added; final volume was 0.29 ml. 
Experiment 3: Same as experiment 1 but with 0.1 ~ole of DPNH added; 
final volume was 0.36 mI. 
Experiment 4: The following mixture was lyophilized: 0.05 ml of 2.0 M 
Tri s acetate buffer pH 7 -5, 0.02 ml of 0.2 M MnC12, 0.2 ml of unlabe led threo-DsLs~isocitrate and 40 units of DPN-linked isocitric dehydrogenase. To the 
!'m'due was added 0.196 gm of T20 with a spe.cific radioactivity of 100 mc/ml. The solution was left at 250 for 2 hours and lyophilized. Enzyme acticity 
was destroyed with perchloric acid. The isocitrate was re-isolated and 
washed on DEAE-cellulose as described under Materials and Methods • 
............................... _--........ .......-. 
aTotal counts added or recovered per experiment. 
bAdded. 
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utilizing the glutamic dehydrogenase reaction, which is ~­
specific (160). In experiment 3, the specific radioactivity of 
the DPN(T}+ recovered was in good agreement with that of the DPNT 
initially present, and the yield of radioactivity in the oxidized 
nucleotide was 85%. This indicates that the h;ydrogen put onto DPNt 
b,y DPN-specific isocitric denydrogenase is not removed by glutamic 
denydr ogenase. 
These results show that DPN-linked isocitric deh;ydrogenase 
from bovine heart catalyzes the removal of the a-hydrogen atom of 
isocitrate and transfers it directly to the a-side of the nico-
,.. 
tinamide ring of DPN. Except for the difference in coenzymes, 
this is also what occurs in the case of TPN-1inked isocitric 
dehydrogenase from the same source. 
Direct evidence has been obtained that the ~-hydrogen of 
isocitrate is not lost in either isocitric deh;ydrogenase reaction. 
Threo-Ds-isocitrate-~-T has been ~nthesized b,y reduction of 




























On oxidation of this isocitrate with either too DPN- or tm 
TPN-isocitric dehydrogenase~ a-ketoglutarate was obtained Which 
contained essentia lly all of the radioacti vity ~ While the reduced 
pyridine nuc1eotides formed were unlabeled (Table IX). The demon-
stration of the transfer of label from the ~-hydrogen of isocitrate 
to a-ketoglutarate by TPN-linked isocitric dehydrogenase would give 
direct support to the observations of Rose et a1. (lp1) Who had 
--
oxidized citrate-a-T in the presence of aconitase and a large 
amount of TPN-specific isocitric dehydrogenase to a-ketoglutarate 
containing about 30% of the label. Presumably, aconitase formed 
isocitrate-~-T, Which was U~n oxidized to a-ketoglutarate without 
loss of label. The label which ~ lost~ apparently went into 
the medium during the aconitase reaction. Direct evidence has 
been provided in the present experiments that the ~-hydrogen of 
isocitrate is retained in a-ketoglutarate in either isocitric 
dehydrogenase reaction. Hence~ the ~ form of oxa1osuccinate 
is not likely to be an intermediate in the oxidation of isocitrate 
by either enZYnE. 
Separate experiments were designed to test the possibility 
that DPN-1inked isocitric dehydrogenase might actually produce 
oxa1osuccinate rather than a-ketoglutarate from isocitrate. 
Plaut and Sung (5) had oxidized isocitrate in too DPN-specific 
~stem, stopped the reaction by boiling, and isolated a-keto-
~utarate as too 2,4-dinitropheny1hydrazone on silica gel columns. 
It seemed possible that any oxa1osuccinate which was present would 
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TABLE IX 




Substance reaction ~oles cpm cpm/~ole 
Initial isocitrate-~-Ta DPN or TPN 0.111 711 6460 
Recovered a-ketoglutarate DPN 0.084 418 4980 
Recovered reduced DPN DPN 0.052 0 0 
Recovered a-ketoglutarate TPN 0.097 438 4520 
Recovered reduced TPN TPN 0.078 8 100 
To 0.30 m1 of T 20 (50 mc/m1) was added 0.20 m1 of 0.016 M 
oxalosuccinate, pH 7.0. After 10 minutes at 250 , the following were 
added: 0.015 m1 of 2.0 M imidazole buffer, pH 5.8; 0.03 ml of 0.02 M 
MnC12; 0.05 m1 of 0.005 M TPNH; and 0.01 m1 of TPN-1inked isocitric deqydrogenase solution containing 2 units. After standing for 2.5 
hours, the reacti on mixture was lyophi lized. To the re sidue were added 
0.5 ro1 of 1.0 M H2S04 and 1.0 ro1 of 0.001 M A12(S04) , followed ~ 
50 ro1 of water and 8 ~oles of threo-DsLs-isocrtrate3carrier. Labeled isocitrate was obtained by reSdlattml~0EAE-ce11ulose as described 
under Mater i a 1s !!lS M;.;.e . . t;.;.h .. o_d .. s. 
The labeled isocitrate was oxidized in both the DPN- and TPN~ 
specific isocitric deqydrogenase systems, and the pyri dine nuc1e ati des 
were separated by Norit treatment as in Table VII. The filtrates 
were extracted with ethlr. The residues after evaporation of thl ether 
were taken up in a small amount of water far radioactivi~ determination. 
The prolonged etmr extraction probably resUlted in some loss of label 
from a-ketoglutarate into water by enolization. 
aDeterminsd as threo-Ds-isocitrate with TPN-linked isocitric 
dehydrogenase. - -
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be decarbo~lated to a-ketoglutarate ~ heating in the presence of 
metal ions. Therefore, attempts 'WeN made to identify oxa1o-
succinate ~ addi'tion of 2,4-dinitrophen;y1l\Ydrazine reagent without 
prior boiling of the reaction mixture. When chromatogrsphed on 
silica gel columns with the chloroform: n-butano1 system of Brummond 
-
and Burris (149), the product of the oxidation of isocitrate appeared 
to migrate with the R.F. of a-ketoglutarate rather than of oxalo-
succinate. The se experiment s mere ly confirmed, then, that the DPN-
linked isocitric del\Ydrogenase reaction is a concerted oxidative 
decarboxylation. 
I' • COMMENTS 
The results of this study shOW' that the hydrogen transfer 
propzrties of the two isocitric del\Ydro~nases are quite simi 1ar. 
Expzriments which employ TPN-linle d isocitric dehydrogenase far 
studies on thB stereochemistry of the Krebs qyc1e hydrogen transfers 
(for review, see Englard (163» taci tly imply that it is TPN-linked 
enzyme which is chiefly responsible for isocitrate oxidation in the 
cycle. However, such experiments would have yie lded the same 
results if the DfN-linked isocitric dehydrogenase had been used. 
If the two isocitric dehydro~nases had transferred different 
hydrogens of isocitrate to their respective coen~es, it might 
have been possible to have designed experiments to determine 
whi ch enzyme was thB Krebs qyc1e enzyme on the basis of loss or 
retention of label in various citric acid qyc1e intermediates. 
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Recently, Cornforth ~!!. (164) have determined the absolute 
configuraticn of tl'E DPND produced by alcohol delwdrogenase and 
deuterated substrate. Since DPN-linked isocitric deh;ydrogenase 
has now been shown to have the same nucleotide stereospecificity 
as alcohol deh;ydrogenase, we may write the following structure 
for the a-DPNT resulting from oxidation of isoci trate-a-T: 





Since oxalosuccinate has men shown not to accumulate in the 
TPm-linked isocitric dehydrogenase s.ystem of pig heart (19), and 
since the present studies show that oxa10succinate does not appear 
in the DPN-1inked s.ystem, no pathway is known in mammalian s.ystems 
whereby oxalosuccinate can be produced. The situation is reminiscent 
of the finding by Speyer and Dickman (165) that cis-aconitic acid 
-
was not an obligatofX intermediate in tl'E aconitase reaction. How-
ever, it seems to be established that £i!-aconitate can arise as 
the result of aconitase; and indeed, tl'E concentrations of cis-
-
aconitate in certain cells has men measured (166). Since it has 
been claimed that oxalosuccinate occurs in plant mitochondria (149), 
there may be an as yet unknown pathway for the s.ynthesis of th is 
compound. 
CHAPrER V 
snTDIES ON THE MECHANISM OF ACTIVATION BY ADP 
The studies of Chapters II and III indicate that DPN-linked 
isocitric deqydrogenase of bovine heart is profoundly influenced 
~ ADP. The following are expressions of the effect of ADP: 
1. K for isoci trate is de creased markedly whi 1e Vis unchanged. 
m max 
2. K for metal ion is also decreased markedly, while V is 
m max 
unchanged. 3. The pH optimum of the en~me is shifted to pH 7.2. 
4. Tl'e en~me is stabilized by ADP at low ionic strength. In 
considering the possible mechanism b,y which ADP causes these effects, 
~is attracted to recent work done on glutamic deqydrogenase of 
beef liver, an enzyme which is in several ways similar to DPN-
linked isocitric deqydrogenase. Both enzymes are exclusively 
mitochondrial (5,167), and the two enzymes are the only examples 
of enzymes which are stimulated by ADP. In addition, glutamic 
del1Ydrogenase seems sensi tive to a number of other nuc1e oUdes, 
being stimUlated b,y 51-AMP and inhibited by ATP, GTP, and high 
concentrations of DPNH (89,108). Both en~mes thus seem surprisingly 
responsive to a variety of nuc1eotides. The similarities between 
the enzymes suggested that certain findings concerning the mechanism 
of ADP stimUlation of glutamic dehydrogenase might be applicable 
to DPN-1inked isocitric dehydrogenase. 
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Olson and Anfinsen (139) reported that glutamic dehydrogenase 
had a molecular weight of 1 x 106 as determined by sedimentation 
and diffusion stUdies. The sedimentation constant of 26.6 S was 
calculated by extrapolation to zero protein concentration after 
making a series of measurements on solutions of various concentra-
tions. It was noted that the molecule dissociated into subunits 
if the protein concentration in the ultracentrifuge cell was 
below 2.5 mg per ml (0.25%). In kinetic studies, Frieden (168) 
found that concentrations of DPNH above 4 x 10-4 M caused inhibition 
of glutamic dehydrogenase and also caused the enzyme to dissociate, 
even at concentrations which normally favored aggregation of sub. 
units to form the molecule of 1 x 106 molecular weight. The 
sedimentation velocities suggested that the molecule dissociated 
into four subunits, each with a molecular weight of 250,000. The 
correlation between dissociation by DPNH and DPNH inhibition seemed 
excellent, so it was, therefore, assumed that the sUbunits were 
inactive and on~ the protein with molecular weight of 1,000,000 
was active. This assumption was strengthened by the finding that 
ADP both stimulated glutamic dehydrogenase and favored its aggre-
gation. ADP prevented the dissociation caused by DfNH (89). 
Yielding and Tomkins (107) subsequently found that certain aromatic 
compounds including estrogens and the non-steroidal estrogen 
analogue, diethylstilbestrol, both inhibit and cause dissociation 
of the molecule. Wolff (169) found that thyroxine and triiodo-
thyronine also would dissociate glutamic dehydrogenase and inhibit. 
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Thus, it appeared that correlation between activity and association, 
or, conversely, inhibition and dissociation, was extremely good. 
Ho\2ver, \!hen one looks at Ue data of Olson and Anfinsen 
(139), it is apparent that enzyme would probably be completely 
di ssociated at the concentrations used in en~mic assays where only 
a few micrograms of protein are present. It is, therefore, not 
easy to understand why it has always been assumed that the true 
molecular weight of glutamic dehydrogenase is 1,000,000 rather 
than 2$0,000. Fisher et a1. (109), in fact, have recently proved 
--
that the subunit is active. These authors performed en~me ass~s 
using protein concentrations as high as used in u1tracentrifuga1 
analyses. In order to show the reaction velocity to a measurable 
rate, they employed an inhibitor, glutaric aCid, which had previously 
been shown to have no effect on the association-dissociaticn properties 
of the enzyme. Exact correlation between the kinetic and u1tra-
centrifugal data revealed that the enzyme was active as the monomer. 
Frieden (108) has now confirmed these results. By extrapolating 
light scattering data to low concentrations of protein, he has 
come to the conclusion that the enzyme is the "subunit" form in the 
concentrations used for enzYme assay. 
It is evident that there must then be two species of subunits 
or glutamic dehydrogenase, one active, and one inactive, the latter 
being produced b.Y inhibitors such as DPNH and diethylstilbestrol. 
The phenomenon of aggregation which is promoted b.Y ADP can only 
be taken as an indication that the prctein configuration is altered 
- 125 -
in some manner so as to favor association. However, it is not 
certain whether at the low concentrations used for kinetic studies, 
AUP-stimulated enzyme is in the aggregated form. 
Since ADP stimulated DPN-linked i50ci tric dehydrogenase, it 
was thought possible that a similar association-dissociaticn phen-
omenon might be demonstrable. Indeed, one of the main reasons for 
developing the purification techniques and obtaining relatively 
large quantities of pure enz.yme was to perform ultracentrifuga1 
studies in the presence and absence of ADP. In addition to these 
experiments, it seeDEd desirable to demonstrate that ADP itself 
was bindi ng to the enzyme rather than AMP or phosphate. In other 
words, the enzyme might M act with ADP in either of the following 
ways to form an activated enzyme complex. 
1. Enzyzoo .. ADP 
2. Enzyme .. ADP 
-~) Enzyme-AMP .. p. 
1 
--I) Enzyme-P .. ..AMP 
This Chapter presents certain data related to these problems. 
The results obtained suggest that ADP binds to the protein and causes 
an aggregation of DPN-linked isocitric deqydrogenase such as is 
noted with the subunits of glutamic dehydrogenase. 
MATERIALS AND MBTHCDS 
Sephadex G-lOO was obtained from Pharmacia Fine Chemicals, Inc., 
Rochester, Minn. The fines were remow d and the ge 1 thoroughly 
equilibrated with 0.10 M potassium phosphate buffer, pH 7.2, 
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before use. 
ADP32 was prepared ~ Dr. G. W. E. Plaut (55). The radioactive 
nucleotide was isolated ~ paper chromatograpny in the ~stem of 
Krebs and Hems (63). The nucleotide was elute d from paper wi th 
water and further purified ~ chromatograpny on DEAE-ce11u10se, 
which was found to be capable of separating 51 -AMP, ADP, and ATP. 
This method of purification appeared more convenient than chroma-
tography on Dowex 1, a procedure which requires the use of formate 
for elution (170). The procedure developed for purification of 
adenine nuc1eotides is as follows: 
A. Separation.2! Nuc1eotides. The following operations are 
performed in the cold room. 
A 1.0 x 6.0 em DBAE-ce11u10se column is packed using an 
aquarium pump, so that a flow rate or 0.8 m1!min is obtained with 
a pressure of 20 cm of water. The column is then washed with 200 
m1 of water. The sample containing adenine nuc1eotides is diluted 
until the ionic strength is below 0.01 and then is applied to 
the column. Gradient elution is then carried out USing 150 m1 
of H20 in the mixing chamber and 150 ml of 0.25 M NaC1 in 0.005 M 
JX,>tassi um phosphate, pH 7.2, in the re servoir. The flow rate is 
mgulated ~ a Mini-pump at 1.5 m1!min. Fracttons are collected 
eve~ 5 min (7.5 m1!fraction). The column handles at least 15 ~les 
of nucleotides and is useful in the! 1-2 lJJIlole range since re covery 
is very nearly quantitative.) The order of elution is as follows: 
51-AMP (approximately 115-142 m1 of effluent), ADP (approximate 1y 
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162-210 ml), and ATP (about 202-250 ml). The slight overlap between 
ADP and ATP can probably be avoided b,y carr,ying out the column 
separation at a higher pH. 
B. Concentration of the Desired Fraction. The following --;.;;.;;.;~;;.;;;;.;--- - - .;.;;..;;;.,;;.;;; ........ ,;,.;;.;;..;..;;;,;;.;;.,;;;. 
operations can be done at room temperature since only a short time 
is required. The desired fractions, e.g., those containing ADP, 
are pooled and diluted wi th an equal volume of water. An OS x 
5.0 em DEAE-cellulose column is prepared as above and washed 
with 100 ml of water. The diluted pool containing the desired 
nucleotide is applied to the column, Which is then washed with 10 
m1 of water. The nucleotide is then eluted b,y applying foUl' successive 
3.0 m1 portions of 0.25 M NaC1 in 0.005 M potassium phosphate, 
pH 7.2. The nucleotide usually will all be in the second fraction. 
All other reagents used in the studies of this Chapter have 
been previously described. 
Radioactivity was determined b,y plating samples in p1anchets 
and cOlUlting wi th a thin window gas flow Geiger counter (Nuclear-
Chicago, Model CB-l10B). 
Sedimentati on experiments were performed b,y Mr. D. M. Brown 
with a Spinco Model E ultracentrifuge. 
II. RESULTS 
Binding studies. An attempt was made to identify a complex 
between the enzyme and its activator, ADP. In these experiments, 
mixtures of ADP32 and enz,yme were passed through a Sephadex column. 
.. 128 -
If radioactivity appeared in the protein peak, this 'WOuld indicate 
binding of p32 to the protein. The experiments would shaw only 
that ADP32 or p32 was attached to the protein, but really 'WOuld 
not exclude the possibility that suCh binding was non-specific. 
In the experiment shown in Fig. 16, radioactivity is clearly 
shown to be carried into the protein peak. The protein used for 
this experiment was not homogeneous in the ultracentrifuge, but 
a major component comprised about 80% of the protein present. 
Therefore, the radioactivity is probably associated with the enzyme 
itself rather than to other components. Since the specific radio-
activity of the ADp32 was known, it was possible to calculate a 
molar ratio of ADP32 to enzYme, based on a specific activity of 
5520 units per mg for the pure enzYme. The three most active 
fractions containing enzyme in the experiment of Fig. 16 had p32/ 
enzYMe ratios of 2.3, 3.5, and 6.6. The variation in molar ratios 
of radioactivity to enzyme activity sl1ggested that the small column, 
1.0 x 17 em, had not completely separated uncombined ADP32 from 
the protein peak. 
In another experiment, a longer Sephadex G-100 column, 0.8 x 
48 cm, was emp1qyed. The results are given in Fig. 17. Again, 
radioactivity due to p32 was found in the protein peak. However, 
calculations showed that the molar ratio of p32 to enz,yme was 
between 1/30 and 1/18 for the enzymically active fractions of 
Fig. 17. It, thus, appears that the binding of p32 to protein 
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Fig. 16. Separation of a solution containing ADP32 and enzyme 
on Sephadex G-100. 
A solution of DPN-linked isocitric dehydrogenase was treated 
with ammonium sulfate to precipitate the enzYme at 0.5 saturation. 
The precipitate was taken up in 1.0 m1 of 0.0064 M ADP32• The 
resulting enzyme solution had a specific activity of 3000 units/mg 
and contained 1.0 mg of protein. The solution was then placed on 
a Sephadex G-100 column (1.0 x 17 em) previously equi librated 
with 0.10 M potassium ph?sphate buffer solution, pH 7.2. The 
column was then washed with the same buffer and fractions of about 
0.8 m1 collected. ThB volume of each fraction was determined 
gravimetrically, assuming a specific gravity of 1.0 gm/m1. The 
radioactivity of the fractions was determined and the en~mic 
activities determined. AD? content was measured by the absorpti on 
at 260 m~. The portions of the elution pattern representing ADP 
and enzYmic activity are represented by solid lines, whereas the 
dotted lin~~ indicate radioactivity. The specific radioactivity 
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Fi g. 17. Remova 1 of enzyme-bound rad i (J) cti vi ty by chr cmatograpl'w 
on Sephadex G-1oo. 
1.0 mg of DPN-specific isocitric del'wdrogenase having a 
specific activity of 3000 was dissolved in 0.8 m1 of 0.10 M 
pot~~sium phosphate buffer, pH 7.2, containing g.24 ~oles of 
AD"'" with a specific radioactivity of 4.4 x 10 cpm/~ole. The 
mixture was cbramatographed on an 0.8 x 48 cm Sephadex G-100 
column as in Fig. 16. The dashed line represents the en~mic 
activity. Radioactivity is given by the solid lines, as is ADP, 
which could be distinguished by absorption at 260 m~ in later 
fractions but was probably present in too low a concentration in 










a Sephadex column results in dissociation of the complex. The 
~su1ts suggested that the radioactive protein consisted of an 
en~me~Dp32 complex rather than a phosphorylated enz,yme, since 
the latter would involve covalent bonding, which might be expected 
to be stronger than the binding shown in these experiments. 
The looseness of binding confirms the impression given by 
certain facts already brought out in Chapter II; namely, the 
rather high ADP concentration of about 4 x 10-4 M required for 
ha 1f-maxima1 stimu1ati on (Fig. 5), and the fact that the enz,y1l8.t 
as isolated from acetone powders, appa~ntly contains no bound 
ADP, since enz,yme at all stages of purification is stimUlated by 
ADP to about the same extent. 
Sedimentati on experiments. It was shewn in Chapter III that 
highly purified preparations of DPN-linked isocitric deqydrogenase 
show a major component with a sedimentation rate of 10.3 $ 
(Fig. 15). A number of experiments have shown that ADP altered 
this sedimentation pattern. Fig. 18 shows the effect of adding 
6.7 x 10-4 M ADP to en~me whi ch had previ ous1y shown only a 
major peak at 10.3 $ and a minor component (6.2 $). This concentra-
tion of ADP caused almost complete disappearance of the 10.3 $ 
peak, while a heavy component appears (21.8 $). The appearanCe 
of a heavy component indicates aggregation of the protein, but 
wi.thout .diffusion studies, it is not pas sible to say how many 
units are present in each aggregate. It seems possible that the 
ADP-aggregated molecule may be a trimer or tetramer of the original 
Fig. 18. The effect of ADP on the sedimentation pattern in the 
ultracentrifuge. 
The schlieren patterns of two u1tracentrifuga1 analyse s are 
shown. - In both cases the enzyme had been dialyzed thoroughly 
against 0.10 M potassium phosphate buffer, pH 7.2. Sedimentation 
is from left to right Pictures were taken at 24 and 32 minutes 
after reaching a speed of 59,780 rpm. Temperature, 200 • 
0 . 8 ml out of approximately 1.2 ml of protein solution 
(10 mg/ml, specific acti vi tT, 3200) ' as centrifuged in the 
'experiment shown at the top of too figure .. After ultracentrTl-u~ 
gation the protein solution was recovered and found to have developed 
a precipitate, The recovered solution was mixed with that remaining 
solution which had not been u1tracentrifuged, and all insoluble 
material was removed py centrifugation. After the protein in the 
supernatant was precipitated py ammonium sulfate treatment, it was 
collected by centrifugation, dialyzed against 0.10 M potassium 
phosphate buffer, pH 7.2, and sufficient ADP was added so that a 
final concentration of 6.7 x 10-4 M was obtained. The specific 
en~me activity was 2000 units per mg. The sedimentation of this 
solution appears in the bottom row. 
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material sedimenting with a constant of 10.3 S. In Fig. 18, 
there is a suggestion of a small component still sedimenting in 
the range of 11 5 in the pre sence of 6.7 x lO,g4 M ADP. Poss ib1y 
this concentration of ADP is almost high enough to cause complete 
aggregation of the enzyme, but smaller concentrations of ADP give 
no change in sedimentation rate, as shown in the experiment of 
Fig. 15 of Chapter III, in which the major component sedimented at 
10.3 5 after equilibration with 1 x 10-5 M ADP. 
Because DPNH inhibited the en~e (Chapter II), it was expected 
that this nucleotide might have a different effect than ADP on the 
sedimentation rate of the enzyme. In Fig. 19 is shown the sedimen-
tation pattern obtained in the presence of DPNH and in the presence 
of DPNH plus ADP. It is obvious that DPNH produces no aggregation 
of en~me, which appears as a 10.3 5 component. However, Fig. 19 
also shows that the presence of DPNH prevents aggregation of the 
protein ~ ADP. In the presence of both nucleotidesJ the sedimen-
tation coefficient of the major component was calculated to be 11.0 s. 
Although aggregation has apparently been prevented, the sedimen-
tation pattern is quite different. In this experiment, the presence 
of bobh DPNH and ADP seemed to broaden the major peak and cause an 
increase in size of the minor component. It is possible that the 
major component may represent protein which is binding both ADP 
and DPNH. It will be remembered that in Chapter II, it was shown 
that DPNH inhibits the enzyme, while ADP activates, but does not 
reverse the inhibition ~ DPNH in a competitive manner. 
Fig. 19. The effe ct of DPNH and of DPNH pllls ADP on the sedimen-
tation pattern. ' 
The conditions for analysis were the same as in Fig. 18, bllt 
the pictllres shown were taken at 16 and 24 minutes after reaching 
59,780 rpm. A single sample of en~me was divided in half after 
dialysis for the two analyses. 
T PNH -4 OP: Enzyme specific activity, 2,220. D ,3.2 x 10 M, 
present. 
BOTTOM: Anot~r aliquot of the above enzyme preparation 
contained 3.2 x 10 M DPNH for two hpurs at 2° before ADP was 
added (final concentration, 6.7 x 10-4 M) and ultracentrifugation 
was performed. 
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Although aggregation of DPN-1inked isocitric dehydrogenase 
seems to occur, it is not known if the enzyme consists of yet smaller 
sUbunits. In all u1tracentrifuga1 experiments so far performed, 
components with sedimentation coefficients less than 10.3 S have 
always been noted. These cOOlponents haw ranged from 4.6 to 
6.5 S. Although these components probab~ are impurities, there 
is the possibility that they may represent smaller subunits of 
the 10.3 S molecule. For instance, in Fig. 19 (bottom) the 
amount of minor component appears to have increased with time 
compared to the experiment shown in the top row of Fig. 19, 
although the same preparation of protein was used in each run. 
ReverSibility .2! .!£!. Aggregation. It was found that the 
aggregatioo by ADP could be reversed by dia lysis. Following the 
experiment of Fig. 18 (bottom) in 'Which the presence of ADP 
caused the appearance of a 21.8 S component, the enzyme was recovered 
frCCl1 the cell compartment. The specific activity of the en~me 
was found to have fallen to 1950 units per mg. Tre protein was 
combined with another preparation of en~me made by thB "A1ternate 
Procedure I' of Chapter III and precipitated by amoni um sulfate 
treatment. The protein was collected and dialyzed as before against 
0.10 M potassium phosphate buffer, pH 7.2. U1tracentrifuga1 
analysis of the protein showed a major component sedimenting at 
10.4 S and containing no suggestion of any component sedimenting 
in the 21 S range. 
A similar expariment performed with a sample of en21YMe in the 
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presence of 1 x 10-3 M ADP showed a major component with a 
sedimentation constant of 20.4 S. After recovery of protein from 
the cell, precipitsticn of protein with ammonium sulfate, and 
dialysis against 0.10 M potassiwn phosphate buffer, pH 7.2, the 
soluticn contained a major component with a sedimentation 
coefficient of 10.3 S, and no heavier components. 
III. DISCUSSION 
The results of the binding experiments suggest that ADP 
binds to the enzyme, iii 1 though the ccmpleXB s En2\Y11l£ -P or Enzyme-
AMP are not strictly ruled out. It seems mare likely, however, 
that the activated complex consists merely of enzyme and ADP, 
because covalent bonding which might occur would probably be 
evidenced by stronger binding phenomena than have been noted. 
Thus, en2\Yme can be exposed to ADP, dialy~ed, and then exhibit 
tM same degree of stimulation by ADP as origins lly found. The 
aggregation produced by ADP also seems to be comple te ly reversible 
by dialysis. 
The binding experiments are similar to those performed by 
Martin (171) who used Sephadex G-25 colwnns to separate radioactive 
ATP and histidine from a ternary en2\'fMe comple x formed by tlE se 
compounds and the enzyme, phosphoribo~l-ATP pyrophosphorylase, 
which is involved in histidine biosynthesis. Martin (171) ,was 
able to demonstrate a stoichiometric relationship between enzyme 
and both ATP and histidine in the en~me-complex. However, only 
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small Sephadex columns were used (0.8 x 8 cm). Since the enzyme-
complex should be in equilibrium with the smaller molecules, it 
might be expected that longer Sephadex columns would tend to 
dissociate the complex. In fact, if one knew the column volume, 
void volume, and the amount of cCllp1ex obtainable wi th columns of 
various sizes, one should have enough information to derive the 
dissociation constant of the complex. According to Martin (171), 
a theoretical ana~sis of the Sephadex technique of studying 
complexes is now being prepared. 
In the case of DPN-1inked isocitric deqydrogenase, the Sephadex 
column studies shov that ADP can be removed from the protein if 
the column is large enough. Isolation of an enzyme-co~p1ex would 
be favored in those instances where a covalent bond is formed. An 
example is the case of the complex between acety1-COA carboxylase 
and c1402, which was isolated by Waite and WBki1 (172), who used 
Sephadex G-25 to retard uncombined c1402• 
The u1tracentrifuga1 analyses indicate that DPN-linked iso-
citric deqydrogenase is aggregated by AOP and kept in an unaggregated 
form by DPNH. The results are similar to those obtained by Frieden 
(89) for glutamic dehydrogenase. One difference which is immediate~ 
obvious is that the DPN-1inked isocitric dehydrogenase apparently 
has little propensity for aggregation in the absence of ADP, 
whereas glutamic dehydrogenase in concentrations above 0.25% tends 
to be in a tetram.eric form. Both en~mes, however, in the very 
minute concentrations which are emp1qyed for kinetic and assay 
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experiments, are probably in the unaggregated form. The aggre-
gation phenomenon is a clear demonstration of a cmformati on change 
in tm enzyme, but does not mean that the enzyme is aggregated 
either in vivo or in most reactions run in vitro. 
-- ----....... -
Aggregation ~ an activating compound is not limited to 
glutamic dehydrogenase and DPN-linked isocitric deqydrogenase. 
Some evidence has tEen obtained ~ Vage10s et a1. (173) with adipose 
--
tissue acety1-CoA carboxylase that citrate stimulation is 
accompanied ~ a conformational change in the enzyme protein. 
These workers find that the enzyme sediments faster in a sucrose 
gradient in the presence of citrate, and suggest that this is doe 
to aggregati on of the enzyme. Noltmann am RUby (174) have 
reported that TPN+ causes an aggregation of yeast glucose 6-
phosphate dehydrogenase (probably a dimerizati en). The same en2?fme 
fran hwnan erythrocytes has recently also been found to sediment 
more rapidly in the presence of TPN+ (175,176). It has been shown 
that glucose 6-phosphate of red cells is stabilized and activated 
~ TPN+ (175). 
It should be noted that although DPN-1inked isocitric dehydro-
genase requires metal ions for activity, aggregation was demonstrated 
.. + ..... in these stUdies with ADP in the absence of added Mn or Kg • 
It seems probable, therefore, that ADP itself binds to the protein 
rather than as an kDP-meta1 complex. The presence of enzyme-bound 
metal has, ho~ver, not been eliminated. 
If the conformati onal change induced by ADP is directly re 1ated 
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to the activation effect, one ma,y picture the interaction of ADP 
and enzyme in the manner depicted in Fig. 20. In this schematic 
diagram, the enz,yme is shown with a group, X, which partially blocks 
the site for binding of the isocitrate-metal ion complex. The 
group X may be displaced by increasing the amount of isocitrate 
so that when complete displacement is achieved, V
max 
is obtained. 
ADP is capable of permi tting V
max to be reached at a much 1()1,.B r 
concentration of isocitrate because the nucleotide cause s a confor .. 
mational change 'Which completely removes gro up X from the site 
of isocitrate binding. Although this scheme is speculative, it 
is consistent with the fact that V is the same with and without 
max 
ADP. In fact, the Lineweaver-Burkcurves for velocity as a functi on 
of isocitrate or metal ion concentration in the presence and 
absence of ADP are of the form found in case s of strictly ccmpeti tive 
inhibition (Figures 6 and 7). Stimulation b.Y ADP can then be 





Fig. 20. ~pothetical picture of the catalytic site of DPN-linked 
isocitric dehydrogenase. 
Note that the binding site for DPN+ must be different from 
that for isocitrate. ADP is sho'Wl"l altering tm conformation of 
the protein so that groll' X is removed from the area of the 




The se st udies of DPN-li nked i so ci tri c de lydr og enase fr om 
bovine heart mitochondria ~been fruitful in a number of areas. 
Possibly the most interesting of th« findings has been the fact 
that the enz,yme is activated and inhibited by certain nucleotides. 
In terms of the significance which this finding may have with 
regard to cellular metabolism, it should be recalled that mito-
chondria are the site of oxidative phosphorylation, a process 
whi ch involves the very same nucleotides which affect DAT-linked 
i soel tr i c dehydrogena se • Since this e n2f1lle may be an i nt imate 
part of the Krebs cycle, a pat~ for the oxidation of many 
substrates, the enz,yme may play a pivotal role in the regulation 
of oxidation of certain substrates in accord with the energy 
needs of the cell. 
Fig. 21 depicts the electron transport chain in relation to 
the Krebs cycle, the assumption being made that DPN-linked 
isocitric dehydrogenase partakes in this Qrcle. It can be seen 
that as oxidative phosphorylation proceeds, the concentration of 
ADP falls and that of ATP rises, While DPNH is being generated, but 
+ becomes immediately reoxidized to DPN , as long as electron transport 
occurs. The fact that DPN-linked isocitrio dehydrogenase is, on the 
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ADP + P. ~ ATP 
1 ADP + Pi -7 ATP ADP'" Pi --J ATP 
Fig. 21. The electron transport chain in relation to the Krebs c,yc1e. 
one hand, stimulated by ADP, am, on the other hand, inhibited by 
) 
ATP and DPNH, suggests that the concentrations of these nuc1eotides 
might playa role in the regu1ati on of the activity of the Krebs 
c,yc1e and, hence, the oxidation of many substrates by mitochondria. 
Under conditions favoring respiration in mitochondria, it has been 
shown that the ratiOS, [DPNHJ/[DPN+J and [ATPJ/[ADP), are low 
(see (177». These cooditions typify Chance's "State 3"; and under 
these circumstances, the oxidaticn of isoci trste by DPN ... linl'2d 
isocitric dehydrogenase would be favored since ADP is stimu1ator,y 
+ and DPN competitively counteracts the inhibitory effect of DPNH 
and ATP. Conversely, under anaerobic conditions, or where phos-
phate acceptor concentrations are low, the [DPNH1/[DPN·J and [ATPJ/[ADPJ 
ratios are high ("State 4" of Chance). Tm se conditions would 
predominate when there was excess substrate for oxidation but little 
demand for stored ATP. Under these conditions, DPN-1inked iso. 
citric dehydrogenase activity would be inhibited because the lack 
of ADP would diminish the affinity of the enZ({me for isocitrate, 
and metal ions and the inhibition would be potentiated further by 
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the action of high concentrations of DPNH and of ATP at the site 
of DPN+ binding. The inhibition by DPNH may be a highly effective 
mechanism for regulation of DPN-specific isocitric dehiYdrogenase 
under phiYsiological conditions, because the apparent affinity 
of the en2({me for DPNH is markedly increased by TPNH. The 
extent of the inhibition of the enzyme by pyridine nucleotides 
'WOuld be a functi on not only of TPNH and DPNH, but also DPN". 
Alterations in the [ATPJ/[ADPJ and [DPNHJ/[DPN+J ratios in mito-
chondria could thus serve as a mechanism regulating the rate of 
substrate oxidation at the level of isocitrate. The potentiality 
for such regulation is present in DPN-linked isocitric dehydro-
genase, and it is olear that the positive and negative feedbaok 
control exerted by nucleotides might turn the Krebs qycle oxidations 
on or off at just the right times. 
One should recall that there is some evidence for some Sloh 
regulatory mechanism, sinoe a stuQy of the oxidative metabolism 
of cardiac mitochondria showed that citrate oxidation was enhanced 
:+ by lowering the ATP concentrati en and by addition of DPN to the 
incubat ion medi um (21). It mi ght als 0 be predi cted that Isolated 
mitochondria would exhibit different degrees of DPN-linked iso-
citric dehiYdrogenase activity depending on Whether the mitochondria 
were aerobically or anaerobically incubated and how much endogenous 
substrate was present. Such differences in handling of mitochondria 
might explain the differences between the findings of Ernster's and 
Kaplan f S laboratories concerning the presence or absence of the 
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enzyme in rat liver mitochondria (see Chapter I). In thi s regard, 
it m~ be significant that Krebs !1!!. (178) found that under 
anaerobic conditions, citrate reduced acetoacetate more rapidly 
than did a-ketoglutarate in rat liver homogenates. The authors 
cCJlc1uded that"either transhydrogenase or DPN-linked isocitric 
dehydrogenase must be highly active~ Under the experimental 
conditions used by these authors (178), DPNH would not accumulate 
since acetoacetate was added to reoxidize DPNH; and since the 
mitochondria of the homogenate wre presumably tightly coupled, 
the anaerobic conditions would not permit ADP to be converted 
to ATP. Thus, ideal conditions would have existed to permit the 
action of DPN-1inked isocitric dehydrogenase. 
In connection with the possible regulatory role of nuc1eotides 
in cellular isocitrate oxidation, it is of interest that these 
studies have also shown that TPN-linked isocitric dehydrogenase 
... 
of bovine heart is not influenced by ADP, ATP, DPN , or DPNH. 
Concerning the problem of whetm r it is the TPN- or DPN-linked 
isocitric delydrogenase which is present in the Krebs qyc1e, one 
might! priori tend to favor the DPN-1inked enzyme since DPNH, rather 
than TPNH, is typically the coenzyme which is used in oxidation 
through the electron transport chain. It would seem unlikely that 
mitochondria would evolve with a cumbersome ~stem of isocitrate 
oxidation which required first the formation of TPNH, then conversion 
ct: TPNH to DPNH via transh;ydrogenase, and finally oxidation along 
the electron transport chain. The fUnctiCJl of TPN-linked isocitric 
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dehydrogenase might, on the other hand, be to oxidize isocitrate 
to yield TPNH for biosynthetic reactions. Many reactions in the 
field of fatty acid synthesis, mevalonic acid ~nthasis, steroid 
qydroxylation, tyrosine metabolism, and so forth, have been found 
to depend on TPNH and have N en listed by Klingenberg and Bucher 
(179). Although these arguments concerning which en~me actually 
is the Krebs cycle isocitric dehydrogenase are speculative, they 
are also bolstered by the fact that only the DPN-linked enz,yme is 
definitely mitochondrial. 
Furthermore, the finding that the DPN-linked enz,yme seems 
suitable for a regulatory role in keeping with the energy needs of 
the cell again favors the idea that the en~me plays an important 
role in oxidation. The fect that the TPN-linked isocitric dehydro-
genese is present in such large amounts suggests that its main 
• purpose is to reduce TPN for biosyntheti c reacti ons. Only a 
small amount of DPN-linked en~me would be necessary, on the other 
hand, if it is the en~me of tll3 Krebs cycle, which is essentially 
catalytic in nature. 
Since we have postUlated that the DPN-linked isocitric dehydro~ 
~nase is subject to both positi ve and negative feedback control, 
one might wonder whether any other instances of such control 
are known. Frieden (180) has pointed out that glutamic dehydrogenase 
might be subject to both activation and inhibition in a way advanta-
geous for the cell. Thus, a-ketoglutarate is produced by the enzyme 
from glutamate. When an excess of a-ketoglutarate is present, it 
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would be advantageous for the cell to inhibit glutamic dehydrogenase. 
This might be accomplished because the oxidation of a-ketoglutarate 
results in DPNH (which is inhibitory), which in turn is oxidized 
to yield ATP via oxidative phosphorylation (ATP is also inhibitory). 
Furthermore, the oxidation of a-ketoglutarate results in succinyl-CoA 
which reacts in a substrate-level phosphorylation to yield GTP (135), 
which is also inhibitory. Conversely, where there is insufficient 
substrate for oxidation, ADP might be high; and ADP stimulates 
g1 utamic dehydrogenase (89). 
Another example of an enzyme subject to both positive and 
negative feedback control is the aspartate transcarbamy1ase of 
E. coli described by Gerhart and Pardee (118). This enzyme produces 
- -
carbamy1aspartate (ureidosuccinate), an early precursor of pyrimidines, 
which precedes the formation of dihydroorotic acid. This enzyme 
was found to be inhibited by a number of pyrimidines such as CTP 
but was stimUlated by ATP. Thus, the ~nthesis of pyrimidines is 
slowed when there is an excess; but when there is an excess of 
purines, the synthesiS of pyrimidines is speeded up in order to 
form nucleic acids as, for instance, during periods of rapid growth. 
Although instances where both activation and inhibition of an 
- -
enzyme occurs seem rare, there are many examples of purely negative 
feedback control. Thus, Umbarger (181) found that L-threonine 
oonversion to L-isoleucine by !:. .£2ll. was inhibited, probably at 
the L-threonine dehydrase level, by L-isoleucine. Formation of 
acetolactate, a precursor of L-va1ine, was inhibited by L-valine 
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(182). In L-pro1ine bio~nthesis by ~. coli, a negative feedback 
has been postulated (183), and recently, Martin (171) showed that 
L-histidine inhibited its own biosynthesis at the level of the 
ini tiel enzyme, phosphoribosy1-ATP pyrophosphory1ase. Negative 
feedback control has been postulated for purine and pyrimidine 
bio~nthesis; and, like the mechanism postulated involving DPN-1inked 
isocitric dehydrogenase, some of these examples involve inhibition 
of enzymes by nuc1eotides. The activity of the enzyme, phosphori .. ," 
bosy1 pyrophosphate-amidotransferase, may be regulated by inhibitory 
nucleotides such as ATP, ADP, GMP, AMP, and GDP (184). A negative 
feedback regulation of purine biosynthesis may also occur in 
Ehrlich ascites tumor cells, since Henderson (185) found that the 
extent of a-N-formyl glycinamide ribotide accumulation in aza-
serine-treated cells was inhibited by a number of purines and by 
4-amino-5-imidazole carboxamide. A similar effect had been shown 
by Gots (186) to occur in E. coli, where adenine inhibited formation 
- -
of the precursor, 4-amino-5-imidazole carboxamide. Inhibition by 
5'-AMP and 5'-GMP of the reamination of IMP to 5'-AMP has been 
discussed in terms of a negative feedback mechanism (187). 
Pyrimidine biosynthesi s in yeast and liver may be controlled by 
the concentration of various pyrimidine monophosphates, which 
inhibit the enzyme orotidylate decarboxylase (189,190). One may 
thus conclude that feedback control is not only fairly common, 
but a very probable mechanism of metabolic regUlation. 
The degree to which DPN-linked irocitric dehydrogenase is 
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actually controlled by pyrimid:ine and adenine nuc1eotides in mito-
chondria cannot be estimated with any certainty since the concen~ 
trations of these compounds have not been cOOlp1ete1y establishld. 
In addition, the levels of all these nuc1eotides would be expected 
to fluctuate in vivo. If mitochondria are isolated and the 
--
p,yridine nuc1eotides measured, markedly different results are 
obta ined depending on how well the mi tochondria are shielded from 
air (191,192). However, several reports (192,193) indicate that 
cardiac mitochondria contain more of the oxidized nuc1eotides, 
+ • DPN and TPN , than the reduced nuc1eotides, DPNH and TPNH. 
Conversely, in liver mitochondria the reduced forms predominate. 
The fact that DPN-1inked isocitric dehydrogenase activity is not 
favored by either DPNH or TPNH may explain why it is difficult to 
demonstrate the en~me in liver mitochondria. 
It should be pointed out that the regulatory mechanism 
postulated to ~rk through DPN-1inked isocitric deqydrogenase 
III ralle Is close 1y the control of metaboli c rates exerted by inorgani c 
phosphate and phosphate acceptor systems. Since tightly coupled 
mitochondria do not oxidize substrates if phosphorylation cannot 
PECeed due to insufficient ADP or P., the levels of these two 
1 
compounds may determine the amount of oxidatim which may occur. 
Thus, tardy and Wellman (194) found that rat liver mitochondria 
oxidize citrate, pyruvate, a-ketoglutarate, and a number of 
other substrates only slowly; but oxidatim increases markedly 
when any of the follOWing are added: ADP, creatine and creatine-ATP 
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transphospho~lase, glucose and hexokinase, or 2,4-dinitrophenol. 
The assumption made was that each of these additions caused an 
increase in ADP concentration or else, in thil case of 2,4-dinitro-
phenol, uncoupled oxidative phosphorylation, thereby allowing 
oxidation to proceed. However, all of these additions would also 
favor thil activity of DPN-1inked isocitric dehydrogenase, which is 
stimulated by ADP and inhibited by ATP. 2,4-Dinitrophilno1 activates 
mitochondrial ATPase (195), and would be expected to favor the 
activity of DPN-linked isocitric dehydrogenase. 
In concluSion, it is hoped that these studies have helped to 
characterize DPN-1inked isocitric dehydrogenase of bovine heart, 
and to elucidate some of its intrinsic properties which suggest 




DPN-1inked isocitric dehydrogenase has been purified over 
7oo-fo1d from bovine heart mitochondrial acetone powder. The 
purified protein exhibits a major component having a sedimentation 
constant of 10.3 S, and the molecular weight has been estimated to 
be about 3 or 4 x 105. The turnover number ws calculated to ~ 
about 8000 moles of DPNH formed per minute per mole of enz,yme. 
ADP has been found to affect this enzyme in several ways. 
The nucleotide stabilizes the en~me under conditions of low ionic 
strength. ADP also enhances the activity of the en~me .. and this 
effect has been found to be due to a marked diminution of the Km 
for isocitrate. In addition, Km for metal ions is also reduced 
b,y ADP. At low isocitrate concentrations, such as may exist in 
mitochondria, the enzyme is virtually dependent on ADP for activity. 
The activating effect of ADP is highly specific Since, of a large 
number of nuc1eotides tested, only ADP and dADP are stimUlatory. 
In the presence of low concentrations of isocitrate, the pH optimum 
is displaced from pH 6.7 in the absence of ADP to about pH 7.2 
in the presence of ADP. An increase of substrate concentration 
in the absence of ADP leads to a similar shift of the pH optimum. 
The enzyme is inhibited b,y DPNH, ATP, and ADPR; the inhibition 
- 1.50 -
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is competitive with DPN+. TPNH potentiates the DPNH inhibition, 
and both TPNH and DPNH apparently can form f1uorimetrically 
discernible complexes with tm en~ma. On the other hand, thB 
lPN-linked isoci tric dehydrogenase of bovine heart has been found 
to be insensitive to DPN'·, DPNH, ATP, and ADP. 
The mechanism of activation by ADP is probably a conformational 
change in the en~e which results in the active site becoming more 
accessible to substrate. In the ultracentrifuge, it has been 
shown that the sedimentation velocity of the en~e is markedly 
increased by ADP, a finding which suggests that aggregation has 
occurred. 
The Significance of these findings has been discussed in 
terms of a possible positive-p1us-negative feedback control 
mechanism for mitochondrial oxidation. 
In addition, stereospecific ~ntheses of threo-Ds-isQcitrate-a-T 
and of threo-Ds-isocitrate-~-T have been accomplished enz,ymically. 
Oxidation of these compounds by DPN-linked isocitric dehydrogenase 
revealed that the a-hydrogen of isocitrate was transferred stereo. 
,., 
specifically and directly to the a-side of DPN , and that the ~-
hydrogen of isocitrate was retained in a-ketoglutarate. The~­
hydrogen was also retained during the reaction with TPN-linked 
isocitric dehydrogenase, thus indicating that the !22l form of 
oxa1osuccinate is not likely to occur as a free intermediate in 
the oxidation of isocitrate. Thus, in all respects, the hydrogen 
transfer mediated by DPN-1inked isocitric dehydrogenase was the 
same as that catalyzed by the TPN-specific en~e. 
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